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ABSTRACT 
 Pultrusion is a continuous process for manufacturing composite materials with constant 
cross section. Reinforced fibers are pulled through a resin, possibly followed by a separate 
injection chamber preforming system, and into a heated die, where the resin undergoes complete 
wetout. Thus the required pultruded composite is obtained in the desired profile. The main 
objective of this research is to present a numerical model employing the finite volume technique 
to simulate the resin flow in a tapered injection chamber through the fiber reinforcement when 
compaction of the fiber reinforcement is taken into account. The numerical model predicts the 
impact of design and process parameters on wetout, resin pressure field, resin velocity field, and 
compaction of the fiber reinforcement. This work predicts the impact of tapering the walls of the 
injection chamber on the minimum injection pressure necessary to achieve complete wetout.  
Even a small tapering of the injection chamber walls causes a significant impact on the minimum 
injection pressure required to achieve complete wetout. The compaction phenomenon which 
changes with any of these parameters is also considered in this work, which gives a more 
realistic modeling of the complete pultrusion process. 
 In this study, the processing parameters were varied for a particular set of geometric 
parameters and the wetout criteria were discussed at various conditions. Finally an efficient 
compaction model is defined with a tapered geometry injection chamber and preferred working 
parameters. 
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NOMENCLATURE 
x………. Axial coordinate, in the longitudinal direction of fiber, m 
y………. Vertical coordinate, in the transverse (height) direction of fiber, m 
z………. Coordinate along the width dimension, m 
P………. Pressure, Pa 
 ………. Porosity 
µ……….. Viscosity of liquid resin, Pa.s 
ρ………… Density of the liquid resin, kg/m3 
K11………. Permeability in x (axial) direction, m2 
K22………. Permeability in y (transverse) direction, m2 
K33………. Permeability in z (transverse) direction, m2 
u………. Resin velocity in x (axial) direction, m/s 
v………. Resin velocity in y (transverse) direction, m/s 
w………. Resin velocity in z (transverse) direction, m/s 
U………. Fiber velocity in x (axial) direction, m/s 
V………. Fiber velocity in y (transverse) direction, m/s 
W………. Fiber velocity in z (transverse) direction, m/s 
Vf ………. Local fiber volume fraction 
Vfo………. Initial Fiber volume fraction 
Fi,j,k………. Fill factor for a specific control volume 
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CHAPTER 1 
INTRODUCTION 
1.1. Pultrusion Manufacturing Process 
Pultrusion is a continuous process for manufacturing high quality composite materials 
with a constant cross-section.  This is named after the process of pulling the reinforced fibers 
through a resin into a heated die where the resin hardens, binding the reinforced fibers.  The 
name “pultrusion” comes from the key words “pull” (reinforced fibers) and “extrusion” 
(composite material).  The complete process can be controlled, the quality and properties of the 
composite material can be altered according to the specific requirements for efficient 
functionality of the composite. 
The complete pultrusion process is illustrated in Figs. 1-1 and 1-2.  The pultrusion 
process consists of the following components: creel, forming plates, resin impregnator bath or 
resin injection chamber, heated metal die, pulling mechanism, and cutoff saw.  A pultrusion 
process can be carried out in two types/methods namely open bath pultrusion process (Fig. 1-1) 
[1] and resin injection pultrusion process (Fig. 1-2) [1].  Both processes are very similar.  In the 
open bath pultrusion process, the fiber reinforcements are pulled and guided into a resin bath or 
impregnation chamber, and then into the heated die for curing.  In the resin injection pultrusion 
method the reinforcements are pulled through an injection chamber where resin is continuously 
injected under pressure into the chamber through the injection ports and then through the heated 
die for curing.  The fully cured pultruted product is cut into the desired length by a cutting 
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Fig. 1-1.  Schematic of Open Bath Pultrusion [1] 
 
 
 
Fig. 1-2.  Schematic of Resin Injection Pultrusion [1] 
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mechanism.  The resin injection pultrusion process has many advantages over the open bath 
pultrusion process, and the process is discussed in detail further in this chapter. 
Open bath pultrusion is a conventional pultrusion process in which wetout of fiber 
reinforcement is achieved by immerging the reinforcement into the liquid resin.  In this process, 
the resin adheres to the fiber reinforcement as the fibers are pulled through the wetout resin bath.  
It is a simple and inexpensive process, but resins with very high or very low viscosities can be 
difficult to use because impregnation resin may not adhere properly to the surface of the fiber.  
Since the wetout tank is open to the environment, workers may be potentially harmed by the 
emissions of health harmful gases from the liquid resin. 
Resin injection pultrusion is a modification of the resin impregnation process.  In this 
process, the fiber reinforcement are pulled through an injection chamber and simultaneously 
liquid resin is injected under pressure through injection ports in order to achieve complete wetout 
of the fiber reinforcement.  Then un-cured, the wetted fiber is passed through the heated die, 
where the resin undergoes polymerization.  Resin injection pultrusion, being a closed pultrusion 
process, has many advantages compared to open bath pultrusion.  It can be completely automated 
and is more efficient for high-quality, low-cost, high-volume manufacturing of fiber reinforced 
composites such as beams, rod stocks, channels, and tubing.  Since it is a closed process the 
emission of harmful resin gases is reduced greatly or completely eliminated.   
Wetout of the fiber reinforcements is achieved when the resin penetrates through the 
fibers reaching the center interior of the injection chamber.  This increases the strength and 
quality of the extruded composite.  Wetout completion depends on pull speed, resin viscosity, 
fiber volume fraction, resin injection pressure and other factors.  In resin injection pultrusion, the 
liquid resin is injected through the injection slots into the injection chamber; the liquid resin 
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penetrates through the fibers as well as pushes the fibers towards the center plane causing fiber 
compaction.  The compacted fibers are more difficult to penetrate, thus higher resin injection 
pressure becomes necessary to achieve complete reinforcement wetout. 
1.2. Composite Materials 
Composite materials are formed by combining two (or more than two) materials that have 
quite different properties.  Composite materials offer better mechanical properties that are more 
desirable and advantageous over the properties of the individual constituent materials.  The 
different materials work together to give the composite unique properties, but within the 
composite one can easily identify the different materials individually – they do not dissolve or 
blend into each other.  Properties such as stiffness, strength, density, thermal and electrical 
properties of the composite materials can be designed according to the application. 
Many composites are made up of just two different materials namely resin/matrix and 
reinforcement.  The material that surrounds and binds together a cluster of fibers or fragments of 
a much stronger material is known as the resin or matrix, and the material that is being bound 
together is the reinforcement.  The matrix not only holds the fibers together, it also protects them 
from damage by sharing any stress among them.  The matrix is soft enough to be shaped with 
tools, and can be softened by suitable solvents to allow for repairs. 
Composites exist in nature.  A piece of wood is a composite, with long fibers of cellulose 
(a very complex form of starch) held together by a much weaker substance called lignin.  
Cellulose is also found in cotton and linen, where it is the binding power of the lignin that makes 
a piece of timber much stronger than a bundle of cotton fibers. 
Over recent decades many new composites have been developed, some with very 
valuable properties.  By carefully choosing the reinforcement, the resin, and the manufacturing 
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process that brings them together, engineers can modify the properties to meet specific 
requirements of the structure for a particular purpose by choosing an appropriate combination of 
reinforcement and matrix material.  Manufacturers can, for example, make a composite sheet 
very strong in one direction by aligning the fibers that way, but weaker in another direction 
where strength is not so important.  They can also select properties such as resistance to heat, 
chemicals, and weathering by choosing an appropriate resin material. 
The right composites also stand up well to heat and corrosion.  This makes their usage 
ideal in products such as spacecraft, chemical-handling equipment, and boats that are exposed to 
extreme environments.  In general, composite materials are very durable.  The major advantages 
of composite materials are high strength, light weight and durability.  Another advantage of 
composite materials is that they provide design flexibility.  Composites can be moulded into 
complex shapes – a great asset when producing something like a surfboard or a boat hull. 
Manufacturing of a composite material usually involves some form of mould or die.  The 
reinforcing material is first placed in the mould and then semi-liquid resin material is pumped in 
to form the object.  Pressure may be applied to force out any air bubbles, and the mould is then 
heated to solidify the matrix.  There are various methods for manufacturing composite materials.  
Some of them are open moulding, vacuum bag moulding, pressure bag moulding, autoclave 
moulding, resin transfer moulding (RTM), press moulding, transfer moulding, pultrusion, 
filament winding, casting, centrifugal casting and continuous casting.  Since this work focuses on 
pultrusion manufacturing and various phenomenon occurring during the process, pultrusion will 
be discussed further in this chapter. 
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1.3. Previous Work 
Considerable research work has been done on resin injection pultrusion process using 
numerical and finite volume analysis techniques.  Some of the research work is focused on the 
effect of interior pressure from changing the geometric and/or process parameters in the process.  
In the past very few researchers have recognized the effect of compaction of fibers on the 
injection pressure required to achieve complete wetout.  Table 1.1 summarizes and compares 
significant work done by researchers and the scope of the present work. 
Liu [2] has developed 2-D and 3-D finite element nodal volume methods.  He employed 
various models and processing parameters and investigated their effect in the pultrusion process.  
He concluded that a good flow pattern can be achieved by either using variable flow rate 
injection or constant pressure injection.  Liu [2] also suggested that, for better realistic results the 
resin flow for thick parts, a 3-D model should be used.  In a further study Liu [3] also developed 
an iterative finite volume model that calculates the position of the flow front to simulate the 
steady-state flow front for various pultrusion processes, along with the materials and processing 
parameters.  In this research the processing parameters were obtained theoretically but this 
numerical model is incapable of studying the flow pattern changing from these parameters. 
Kommu et. al. [4] developed a finite element/control volume (FE/CV) and finite 
difference techniques to simulate resin flow and the curing process.  The Galerkin FE/CV 
technique was used to solve the momentum and continuity equations in 2-D coordinates.  In this 
model the final solution is calculated for a 3-D approach using the finite difference method.  The 
effects of various processing parameters were also accounted for in this model.  They neglected 
the importance of the compaction of fibers in this study. 
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A 2-D mathematical model was developed by Voorrakranam et. al. [5] to simulate resin 
flow, curing and heat transfer from the heated die to the curing material in the pultrusion process.  
The effect of various processing parameters on the quality and production rate of the product was 
anticipated.  This research was more focused on the product quality control and production rate.  
The research concluded that the quality of the extruded composite is dependent on the process 
parameters such as the injection pressure and heated die temperature profile.  The researchers 
have not considered the effect of either fiber volume fraction or the resin viscosity. 
Srinivasagupta et. al. [6, 7] used a 3-D dynamic processing model and developed an 
integrated procedure for design improvement.  The design considers the aspects of economy, 
controllability, environment and quality objectives.  This research is an initiation for the 
integration of design and complex multiphase process control using a single dynamic physical 
model.  They validated their research model using experimental data from a bench scale 
pultrusion unit with the primary measurement of temperature, pressure profile and curing, and 
secondary measurement of pull force and part exit temperature.  Though they were able to 
establish a relationship between these primary and secondary measurements, this model did not 
consider the effect of fiber volume fraction or resin viscosity on fiber wetout. 
Mustafa et. al. [8] developed a 3-D flow simulation model to investigate the effects of 
fiber pull speed, reinforcement anisotropy, and die taper angle on the quality the product for the 
resin injection pultrusion process.  This model was developed by integrating a simple pulling 
force model with the simulation model.  The model could be used to design die geometry and to 
improve the operation process for a given product.  However, the taper calculation did not 
account for the source term in the pressure equation although it plays a vital role in determining 
the correct internal pressure. 
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Later, Ranjit and Roux [9] further worked on investigating the effects of the change in 
geometric parameters in achieving complete wetout for both resin injection chamber attached-die 
and detached-die configurations.  They predicted the resin injection pressure needed to achieve 
the complete wetout, corresponding maximum pressure inside the chamber and contour of the 
resin flow front with varying injection chamber lengths.  In their research, it was found that the 
detatched-die configuration yielded the better pressure operating conditions for successful 
pultrusion manufacturing.  But this model did not consider the compaction of fibers due the resin 
injection pressure. 
Miltapalli and Roux [10] further investigated the impact of the injection chamber taper 
length on wetout, resin injection pressure, exit pressure and location of the flow front.  Different 
geometric design parameters for location of the injection slots, injection slot width, and thickness 
of the composite were explored.  The research basically focused on finding the tapered injection 
chamber length for which the overall pultrusion process was most efficient and effective, but 
fiber compaction was not considered in this study. 
Ranga and Roux [11] used the 3-D finite volume technique for the attached-die 
configuration to simulate the effects of tapering the walls of the injection chamber on minimum 
injection pressure to achieve complete wetout.  This research considered the variation in 
processing parameters.  Their research work concluded that high compression ratios and short 
injection chamber lengths are favorable to achieve complete wetout.  This study did not consider 
the effect of compaction of fibers. 
Jeswani and Roux [12] developed a 3-D finite volume technique to simulate the resin 
flow through the fiber reinforcement in the injection pultrusion process.  The model was 
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developed for E-glass rovings and it was used to predict the impact of the various geometric and 
processing parameters on the wetout, pressure field, resin velocity field and the movement of the 
flow front.  They also studied the impact of tapering the walls of the injection chamber on 
minimum injection pressure required to achieve complete wetout.  Two different injection 
chamber configurations were studied in this research work; namely, attached-die configuration 
and detached-die configuration but fiber compaction was not considered. 
Gutowski et. al. [13, 14, and 15] developed a mathematical model which allowed 3-D 
flow and 1-D consolidation of the composites.  The model assumed that fibers form a 
deformable, non-linear elastic network.  The resin flow was modeled using Darcy’s Law for 
anisotropic porous medium.  They also concluded that the axial permeability of the fibers can be 
modeled by Carman-Kozeny theory and that their resin flow/ deformation theory can be used to 
model the resin pressure history.  Experiments were conducted on specially aligned graphite 
fibers and constant viscosity oils.  These experiments were basically focused on fiber 
deformation, permeability, and resin pressure.  This research concluded that the fibers carry a 
finite load at a particular fiber volume fraction. 
The most recent research by Shakya and Roux [1] is more realistic as this work considers 
the effect of compaction of fibers due to resin injection through the injection ports.  This model 
uses a 3-D finite volume numerical technique to stimulate the resin flow in the injection 
chamber.  The simulated results are presented for the glass fiber (rovings)/polyester resin system 
for a non-tapered resin injection chamber.  It was used to calculate the impact of geometric and 
processing parameters on the wetout, pressure field, fiber volume fraction and the propagation of 
the resin flow front.  The result obtained from this study was in close agreement with the 
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Gutowski et. al. compaction model [14].  This study did not consider the geometric parameters 
such as the chamber taper angle or length of the injection chamber. 
Numerical simulation modeling and experimental study of the resin flow and heat 
transfer in the resin injection pultrusion process were presented by Ding et. al. [16].  A control 
volume/ finite element method (CV/FEM) was developed to solve the resin flow governing 
equations, together with the heat transfer model.  They also experimented on the material 
characterization and presented data on compressibility/compaction and permeability of fiber 
reinforcement as it passes through an injection die with a small taper angle.  The experimental 
compaction data showed close consistency with the Gutowski et. al. [14] compaction model. 
Kim et. al. [17, 18] presented an experimental and analytical investigation of various dry 
reinforcement materials subjected to the compressive forces applied normal to their principle 
plane.  Based on the data, they proposed a model to predict the permeability of resin through the 
fiber reinforcement as it moves through the tapered portion of the injection die.  But this model 
failed to calculate the various processing parameters that determine the flow front of the resin. 
1.4. Present Work 
The objective of the current work is to employ a 3-D finite volume technique to simulate 
the resin flow through the fiber reinforcement with compaction, and predict the liquid resin flow 
front location for various processing parameters in a tapered injection pultrusion process.  This 
numerical model is a very useful tool as it allows the user to input various process control 
parameters and understand their effect on the wetout and the location of resin flow front for a 
tapered resin injection chamber. 
This research is basically focused on the effect of resin injection pressure due to the 
compaction of the reinforcement fibers in a tapered injection chamber, minimum resin injection 
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pressure required to achieve complete wetout, flow front location, and the chamber interior 
pressure.  Due to the compaction of fibers, the permeability of the resin decreases thus the 
minimum injection pressure required to achieve wetout changes.  Due to the taper angle of the 
injection chamber, the interior pressure in the chamber increases as the fibers propagate along 
the chamber.  Since compaction is a practical phenomenon affecting the pultrusion process and 
the tapered injection chamber effects the minimum injection pressure required, this model yields 
more realistic results and will be beneficial in bringing forward more effective and efficient 
tapered injection chamber designs in pultrusion manufacturing. 
Various numerical principles and models are used to create 3-D numerical modeling of 
the injection pultrusion process.  Here the resin is considered as an incompressible fluid 
propagating through a porous medium.  Hence, Darcy’s law [19] of flow through porous media 
is used to stimulate resin flow through a fiber matrix.  The governing pressure equation is 
obtained by substituting the momentum equations from Darcy’s law into the continuity equation.  
The governing pressure equation is then discretized, and the pressure field is determined by 
using the line-by-line TDMA (Tridiagonal Matrix Algorithm) solution technique.  Then the 
velocity field is obtained by finite differentiation of Darcy’s equations.  The main emphasis of 
the current research is to investigate various processing parameters for different tapered angles 
(compression ratio) and obtain the minimum resin injection pressures to achieve complete 
reinforcement wetout, when the compaction of fibers due to both the taper angle and the 
injection pressure is considered.  This work is different from the work of Shakya and Roux [1] 
where the injection chamber was not tapered. 
Finally an efficient compaction model is defined with a tapered geometry injection 
chamber and preferred working parameters.  Table 1.1 compares the key features of this research 
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compared with the previous work of the other researchers.  This work is unique since it describes 
how the resin injection pressure in affected by some design parameters, i.e., the change in taper 
angles (compression ratios) considering the compaction of reinforced fibers.  None of the 
previous works [1-12] addressed the conditions and processing parameters considered in this 
study.  Next, Chapter 2 contains a detailed physical statement of the problem for the present 
study. 
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CHAPTER 2 
STATEMENT OF PROBLEM 
2.1.  Problem Definition 
 The main objective of the research work is to study the impact of fiber compaction on the 
minimum injection pressure required to achieve complete wetout in the injection pultrusion 
manufacturing process. This work also examines the behavior of different processing parameters 
for various injection chamber taper angles (compression ratios). Wetout is a very important 
phenomenon in injection pultrusion process as it determines the quality of the composite. The 
term fiber wetout have been given a great importance in the previous researches [2-18], but one 
key factor, fiber compaction effecting the wetout phenomenon was not considered. This research 
work also considers other key factors that contribute to the quality of the manufactured 
composite (in other word wetout) such as design parameters (taper angle of the resin injection 
chamber), as well as the processing parameters of fiber pull speed, fiber volume fraction and 
resin viscosity. 
The overall objective is to study the effect of fiber compaction on the complete wetout 
process, the minimum injection pressure required to achieve wetout at a nominal values of pull 
speed, fiber volume fraction and resin velocity. Complete wetout is essential for the manufacture 
of good quality composites to have good mechanical and chemical properties.  Complete wetout 
can be achieved by selecting proper design and processing parameters. For the injection 
pultrusion process, the injection pressure to achieve complete wetout should be favorable for 
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practical manufacturing conditions; it must be not greater than 60 psi (0.414 MPa) and 
simultaneously the maximum interior chamber wall pressure must not be greater than 300 psi 
(2.07MPa).  The resin injection chamber consists of two regions namely Region I and Region II. 
The regions and the location of the injection slots in a tapered resin injection chamber are 
illustrated in the Fig. 2-1. 
Depending on the chamber design/geometry there are two configurations of injections 
chambers, i.e., non-tapered injection chamber and tapered injection chamber. The fiber 
distribution in the injection chamber changes with the varying configurations/taper angles. When 
the fibers passes through the tapered injection chamber, the fiber/resin system is compressed 
towards the chamber center increasing the fiber volume fraction and decreasing the permeability 
along the axial direction. Figures 2-2 and 2-3 show the fiber distribution in the non-tapered and 
the tapered injections chambers respectively. 
The additional distortion in the fiber distribution due to the fiber compaction near the 
injection slot is shown in the Figs. 2-4 and 2-5. These figures illustrates how the fiber 
compaction is localized in the vicinity of the resin injection slot. At high resin injection pressures 
the fibers can be squeezed to such an extent that the permeability of the fibers becomes virtually 
zero in the transverse direction and resin penetration becomes practically impossible. This 
increases the probability of backward flow of the resin and may even exude out through the front 
of the injection chamber without achieving complete wetout to the center region of the fiber 
matrix. This work will address these problems and provide an acceptable injection pressure range 
to achieve complete wetout. 
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Fig 2-1. 3-D Model of Tapered Resin Injection Chamber. 
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Fig. 2-2. Fiber Distribution in a Non-Tapered Resin Injection Chamber. 
 
 
 
 
Fig. 2-3. Fiber Distribution in a Tapered Resin Injection Chamber. 
Even Fiber Distribution 
Un-Even Fiber Distribution 
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Fig. 2-4. Effect of Compaction of Fiber Distribution in a Non-Tapered Resign Injection 
Chamber. 
 
 
 
Fig. 2-5. Effect of Compaction of Fiber Distribution in a Tapered Resign Injection 
Chamber. 
Fibers Compaction 
Fibers Compaction 
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2.2.  Design of injection chamber 
The geometry of a tapered resin injection chamber is illustrated in the Fig. 2-6 (a and b). 
In a tapered injection chamber, Region I is tapered and the Region II is not tapered, whereas in a 
non-tapered injection chamber, the cross-section remains uniform throughout Region I and 
Region II.  The injection slots are placed on the top and bottom walls of the injection chamber in 
Region I (Figs. 2-1 and 2-6). As the fibers enter into the injection chamber into Region I, resin is 
injected from the top and bottom injection slots under a specified controlled pressure. The resin 
pushes into the fibers causing a fiber lean region near the chamber wall, but away from the wall 
causes compaction in the fiber reinforcement matrix and thus locally increasing the fiber volume 
fraction and decreasing the permeability of the fiber matrix. 
The effect of a geometric design parameter on the resin injection pultrusion process is 
explored by varying the tapered angle (). A slight change in the taper of the injection chamber 
may result in a significant impact on the minimum resin injection pressure required to achieve 
complete wetout. The top view and the side view of the tapered injection chamber, axes of the 
domain, height and width of the inflow and outflow boundaries, injection slot location and the 
lengths of Region I (LIC) and Region II (LD) considered for the analysis. HIC is the height of the 
injection chamber at the inlet of Region I, whereas HD is the height of the injection chamber in 
Region II. WD represents the width of the injection chamber in Region II. Hence HD and WD 
represent the thickness and width of the final pultruded composite.  
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(a) In xy Plane (Front View) 
 
 
(b) In xz Plane (Top View) 
Fig. 2-6. Tapered Resin Injection Chamber showing the Injection Slot Locations in Front 
and Top Views. 
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Compression ratio, CR, is defined as the ratio of the height of the injection chamber at the 
inflow boundary in Region I to the height of the injection chamber at the outflow boundary in 
Region II; CR can be articulated as 
 CR = HIC/HD      (2-1) 
If HIC and HD are equal then the compression ratio will be equal to 1 which is a non-
tapered injection chamber. Since the tapered injection chamber is considered for this study, HIC 
is greater than HD, and hence the value of CR is greater than 1 which means that the top and 
bottom walls of the injection chamber are tapered by a small angle (α > 0) which can be 
calculated as 
 1CR
L2
H
tan
IC
D        (2-2) 
In this study, the total length of the injection chamber (LT) is considered as 0.30 m.  The 
values for CR were chosen to be 2.0, 3.0 and 4.0, whereas the values for the tapered length (LIC) 
of the injection chamber for Region I is 0.25 m and the length of Region II (LD) of 0.05 m are 
fixed. This results in a fixed length but varying CR configuration. The thickness of the pultruded 
composite material is 0.00318 m. The viscosity (μ) of the fiber matrix is considered to be 0.75 
Pa.s, 0.50 Pa.s and 1.0 Pa.s.  The fiber volume fraction (Vfo) is 0.64, 0.68 and 0.72 and the pull 
speeds (U) of 0.01524 m/s, 0.02032 m/s and 0.0254 m/s were considered for the further 
calculations.  
2.3.  Numerical Model 
This numerical model was developed employing the finite volume technique to calculate 
the pressure and visualize the flow front location in the injection chamber. The resin flow is 
simulated based on Darcy’s law of flow through a porous medium. Further the TDMA (Tri 
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Diagonal Matrix Algorithm) technique is employed for solving the pressure and velocity fields 
throughout the chamber. 
The assumptions/ limitations of the simulation numerical model are as follows: 
 Fiber/resin system: glass or carbon fibers/polyester and epoxy resin 
 Permeability model: Gutowski’s model. 
 Compaction Model: utilizes a curve fit equation to the experimental data in Ref. [20]. 
 Numerical Model: Finite volume analysis. 
 Injection chamber geometry: tapered (variable cross-section; different compression ratios). 
 Type of resin injection: slot injection. 
 Different processing parameters: fiber pull speed, resin injection pressure, fiber volume 
fraction, resin viscosity. 
This numerical model is programmed in FORTRAN and the output from this program is 
saved in individual files which can be used for further analysis. An additional software “Surfer” 
is used to delineate and analyze the pressure distribution data obtained from the program. The 
pressure distribution and the flow front location in the injection chamber can be visualized using 
“Surfer” software.  The FORTRAN program is executed on a personal computer (Dell Optiplex 
990, Intel i7-3.4 GHz processor, 4 GB RAM, 32-Bit Windows 7 OS in XP mode).  The 
FORTRAN program facilitates the user to input different design and process parameters to 
investigate their effect on the pultrusion manufacturing process.  The output of the FORTRAN 
program is saved in individual data files, plotting routines or some plot software are used to 
visualize the data.  Transient solutions to these data can be generated to visualize the movement 
of the resin flow front at different time instances and determine the total simulated time to reach 
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steady state. Having physically defined the problem, a detailed mathematical description of the 
governing equations and the solution algorithms of this model will be discussed in Chapter 3. 
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CHAPTER 3 
ANALYSIS 
In this study, the resin flow through the fiber reinforcement in a tapered resin injection 
pultrusion process is modeled using a 3-D finite volume technique.  This chapter deals with the 
equations governing the flow, boundary conditions, permeability models and compaction model. 
The solution methods, discretization equations, and algorithms employed in the work are 
explained in detail. 
3.1 Assumptions 
The assumptions made in this study for modeling of a tapered injection pultrusion 
process are as follows: 
 The resin is an incompressible fluid.   
 The numerical model is developed in a 3-D Cartesian co-ordinate system.   
 Darcy’s law [19] for liquid flow through a porous medium is used to simulate the flow of 
resin through the fiber reinforcement.   
 The resin flow is basically isothermal; therefore the resin viscosity remains constant.   
 The Gutowski [14] permeability model is employed to compute the permeability 
components in the longitudinal and transverse directions for fiber routings. 
 The pressure at the inlet of the injection chamber is assumed to be atmospheric pressure 
(101.325 KPa). 
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3.2.  Fiber Volume Fraction and Porosity 
The fiber volume fraction (Vf) of the composite material is the volumetric fraction of the 
fiber in the final composite. The porosity  is defined as the non-solid volume in the composite.  
At any instance, the sum of the fiber volume fraction and the porosity is always unity which can 
be written as 
y)(x,1y)(x, fV      (3-1) 
Both of these parameters depend upon the compression ratio (CR) or taper angle () as 
defined in Eqs. (2-1) and (2-2). In the present work CR > 1, i.e. for a tapered injection chamber, 
the local fiber volume fraction (Vf) increases in the axial x-direction due to tapering. The local 
fiber volume fraction is a minimum at the inlet of the injection chamber, it increases with 
increasing longitudinal (x) coordinate in Region I, attains its maximum value at the end of the 
Region I and then remains essentially constant due to no tapering throughout Region II. For 
Region I, the local fiber volume fraction Vf (x,y) is mathematically given as 







2h(x)
H
y)(x, Dfof VV      (3-2) 
Where h(x) is shown in Figs. 2-3, 2-4 and will be mathematically defined in Eq. (3-12) and thus 
the value of Vf(x,y) is computed. The x-dependence of Vf(x,y) on the left side of Eq. (3-2) being a 
function of x is due to the tapered wall of the injection chamber; whereas, the y-dependence of 
Vf(x,y) comes from the compaction model presented later in this chapter. 
3.2.1 Permeability Model 
Permeability of a composite material is defined as the measure of the ease of liquid resin 
flow through the fiber matrix.  Higher the permeability, lower will be the resistance to the flow 
of the resin and vice versa.  The numerical model in this study utilizes the Kozeny-Carman 
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model [21] to predict the permeability of the fibers in the longitudinal x-direction and the 
Gutowski’s model [14] to predict the permeability of the fibers in the transverse (y and z) 
directions.  The permeability of the fibers in longitudinal direction is given by 
 
2
32
f
11
1
4k
R
K
f
f
V
V
      (3-3) 
Where, k is the Kozeny constant, Rf is fiber radius (here, Rf = 15m), and Vf is the local 
fiber volume fraction.  The value of k is determined as per the fiber arrangement as shown in 
Table 3.1 and the different types of fiber arrangements are shown in Fig. 3-1 
Table 3.1. Parameters for Permeability Model 
Fiber Arrangement Vfmax Kozeny Constant, k 
 
Quadratic 
 
 
Hexagonal 
4

32

 
 
1.78 
 
 
1.66 
 
 
The permeabilities in the transverse directions are given by Gutowski’s model [14] as 






















1
V
1
V
k4
R
KK
a
3
a
2
f
3322
f
f
V
V
    (3-4) 
Where, aV  
= Vfmax and k   is an empirical parameter; values for different fiber arrangements are 
given in Table 3.2.   
A mean fiber diameter of 30 microns (glass) (Rf = 15microns) was determined at the University 
of Mississippi Composite Materials Research Laboratory (CMRG). 
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(a) Quadratic Fiber Packing. 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Hexagonal Fiber Packing.   
Fig. 3-1. Different Fiber Packing Arrangements [23]. 
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Table 3.2. Parameters for Gutowski’s Model.   
Fiber Arrangement 
'
aV  k  
Quadratic 
Hexagonal 
0.785 
0.907 
0.2 
0.2 
 
3.3 Derivation of Governing Equations 
3.3.1 Governing Equations for Region I 
The walls of the injection chamber are tapered in Region I, therefore, the fiber volume 
fraction (Vf(x,y)), porosity () and components of the permeability tensor (K11, K22 , K33) are 
functions of distance (x) along the longitudinal direction. The continuity equation for the resin 
flow through the fiber reinforcement in the Region I is given by 
     
0
z
w
y
v
x
u








 
     (3-5) 
The total velocity of resin movement (pull speed) U referenced to a stationary coordinate 
system is defined as 
U  Twvu      (3-6) 
Where, u, v and w are the three components of the resin velocity vector in the three 
coordinate directions.  According to the Darcy’s momentum equations the velocity components 
in x, y and z directions are as follows, 
u = U 
x
P
μ
K11




     (3-7a) 
y
P
μ
K
 v 22




V      (3-7b) 
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z
P
μ
K
w 33




      (3-7c)                                                                                      
Here, U and V are the velocity components of the fiber reinforcement in x and y 
directions respectively, P is resin pressure, 
x
P
μ
K
- 11



, 
y
P
μ
K
- 22



, 
z
P
μ
K
- 33



 are the velocity 
components of resin relative to the reinforcement, K11, K22 and K33 are the components of 
permeability in the x, y, and z directions, respectively, and μ  is the viscosity of the liquid resin.  
Using Eqs. (3-7), the total resin velocity can be represented in the matrix form as 
                                   U
T
332211
z
P
μ
K
y
P
μ
K
x
P
μ
K
















VU                              (3-8) 
Substituting Eq. (3-8) in Eq. (3-5), yields, 
                0
z
P
μφ
K
zy
P
μ
K
yx
P
μ
K
x
332211 




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



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
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

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
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










 VU                (3-9)  
Equation (3-9) further simplifies to 
                    VU
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                 (3-10) 
The fiber velocity in the y-direction (V) can be expressed in terms of taper angle (), fiber 
velocity in x-direction (U), and displacement in the y-direction as  
tan
h(x)
y






 UV      (3-11) 
Where the vertical distance y varies according (see Figs. 2-3 and 2-4) to the relation 
h(x) yh(x)   where 
 
2
x
2
h(x) DIC
IC
DIC HL
L
HH





 
   0  x  LIC  (3-12) 
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Substituting the fiber velocity in the y-direction (V) from Eq. (3-11) into Eq. (3-10) results in the 
following equation 
  
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Further simplifying Eq. (3.13) yields 
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332211 
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U      (3-14) 
Equation (3-14) represents the governing pressure equation for Region I. Since the walls 
of the injection chamber in Region I are tapered, the right hand side of this equation is 
responsible for the rise in pressure. In the case, where the walls of the injection chamber are not 
tapered in Region I, then (α = 0) and Eq. (3-14) would reduce to Eq. (3-19) below. 
3.3.2  Governing Equations for Region II  
The continuity equation for the resin flow through the fiber reinforcement in Region II is 
given by 
     
0
z
w
y
v
x
u








 
    (3-15) 
The total velocity of resin movement U referenced to a stationary coordinate system is defined as 
U  Twvu      (3-16) 
Where, u, v and w are the three components of the resin velocity vector in the three 
coordinate directions.  These velocities can be represented by the Darcy’s momentum equations 
in x, y and z directions as 
u = U 
x
P
μ
K11




     (3-17a) 
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μ
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
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
      (3-17b) 
z
P
μ
K
w 33




     (3-17c)                                                                                      
Here,   is the porosity, U is the velocity of the fiber reinforcement in the longitudinal 
direction, K11, K22 and K33 are the components of permeability in the x, y, and z directions, P is 
resin pressure,
x
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- 33
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
 are the velocity components of resin relative to the 
reinforcement and μ  is the viscosity of the liquid resin.  Using Eqs. (3-17), the total resin 
velocity can be represented as 
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Substituting Eq. (3-18) in Eq. (3-15), yields, 
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Equation (3-19) further simplifies to 
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   (3-20) 
Equation (3-20) represents the governing pressure equation for Region II. 
3.4   Boundary Conditions 
 The governing pressure equations, Eq. (3-14) and Eq. (3-20) are second order partial 
differential equations. So six spatial boundary conditions, two in each coordinate direction are 
required for solving the pressure field. Equations (3-21a) through (3-21i) below describe the 
boundary conditions in terms of velocity and pressure for this configuration. 
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P = Patm   at x = 0       (3-21a) 
P = PInj    at injection slot      (3-21b) 
u
v
tan

    at y = h(x) (Region I)     (3-21c) 
u
v
tan     at y = -h(x) (Region I)     (3-21d) 
v = 0    at y = HD/2 (Region II)     (3-21e) 
v = 0    at y = - HD/2 (Region II)     (3-21f) 
w = 0    at z = WD/2 (Region I and II)    (3-21g) 
w = 0    at z = -WD/2 (Region I and II)    (3-21h) 
u = U    at x = LT       (3-21i) 
At the inlet (x=0), dry fiber reinforcement enters the injection chamber, and the fluid 
pressure has been assumed to be one atmosphere (101.3 kPa).  The pressure at the injection slot 
is equal to the resin injection pressure.  Since a slip boundary condition is likely to occur along 
the wall of the injection chamber, boundary conditions (Eq. (3-21c) through Eq. (3-21h)) are 
obtained by setting the components of the resin velocity normal to the wall equal to zero.  This 
does not allow the penetration of resin into the wall of the injection chamber.  At the exit of the 
injection chamber, the wet reinforced fibers enter the pultrusion die, and it is assumed that the 
velocity of the resin in the x-direction is equal to the fiber velocity (pull speed) in the x-direction 
(u = U).   
To solve Eqs. (3-14) and (3-20), all the boundary conditions are redefined in terms of 
pressure.  The expressions for resin velocities are substituted in the above velocity boundary 
conditions to obtain the boundary conditions in terms of pressure are as follows 
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P = Patm                                       at x = 0      (3-22a) 
P = PInj                               at injection slot                (3-22b) 
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Since the computational domain is symmetric about xy and xz-planes, only one quarter of 
the computational domain needs to be modeled.  For this, the boundary conditions have to be 
suitably modified for the simulation the resin flow in a quarter of the computational domain.  
The modified quarter-domain boundary conditions are as follows, 
P = Patm    at x = 0      (3-23a) 
P = PInj                        at injection slot     (3-23b) 
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0
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    at z =  WD/2 (Region I and II)   (3-23e) 
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3.5 Finite Volume Method 
In this study, the finite volume technique has been employed to compute the pressure 
field, the velocity field, and the location of the resin flow front in the computational domain.  
The computational domain is divided into a finite number of control volumes with one node 
associated with each control volume.  The finite volume method is then used to approximate the 
partial differential equation over a control volume surrounding the grid node.  The discretization 
equations are obtained by integrating the partial differential equation over each control volume.  
Linear interpolation functions are used to evaluate the integrals between the grid points.  The 
advantages of using the finite control volume method as compared to the other numerical 
technique such as finite differences or finite element methods are as follows: 
 The control volume formulation helps in direct physical interpretation; hence it is more 
intuitive.   
 The integral conservation of quantities such as mass and momentum is exactly satisfied over 
any group of control volumes and over the whole computational domain.  This characteristic 
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is valid for any number of grid points.  Therefore, even a coarse grid solution exhibits 
integral balances.   
3.6   Derivation of the Discretization Equation 
3.6.1  Discretization Equation for Region I 
The general governing pressure partial differential equation for Region I (Eq. 3-14) can 
be written as 
y
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If we consider a differential control volume of sides dx, dy and dz respectively, the 
volume of this control volume is given by dV = dx dy dz.  Integration of the partial differential 
equation, Eq. (3-24), over the control volume yields 
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After integrating over the control volume, 
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This equation can be expressed in linear form as 
PB S PaPaPaPaPaPaPa BTTSSNNWWEEPP    (3-28) 
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3.6.2  Discretization Equation for Region II 
The general governing pressure partial differential equation for Region II (Eq. 3-20) is  
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On integration over the control volume yields 
          































t
b
n
s
e
w
t
b
n
s
e
w
33
t
b
n
s
e
w
22
t
b
n
s
e
w
11 dzdydx
x
dzdydx
z
P
μ
K
z
dzdydx
y
P
μ
K
y
dzdydx
x
P
μ
K
x
U   (3-30) 
After integrating over the control volume, the following equation is obtained 
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Rearranging the terms of the above equations yields  
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This equation can be expressed in linear form as 
  PB S PaPaPaPaPaPaPa BTTSSNNWWEEPP         (3-34a) 
Here,      ΔzΔy weP US        (3-34b) 
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3.7 Solution of the Algebraic Equations by TDMA 
In this study, to solve the system of discretized linear algebraic equations, the current 
solution technique utilizes the line-by-line tri-diagonal matrix algorithm (TDMA).  Generally, 
there are two different methods to solve the system of equations, namely direct methods and 
iterative methods.  Direct methods, that do not require any iteration for solving the algebraic 
equations, are complicated and require large amounts of computational space and run time 
compared to iterative methods.  Whereas, iterative methods start from guessed values of the 
dependent variables and utilize the system of algebraic equations to calculate progressively 
improved values.  Successive iterations of the algorithm progressively converges to the correct 
solution within the desired convergence criterion.  Iterative methods require considerably low 
memory and are faster in run time and are especially suitable for handling nonlinearities 
compared to the direct method.    
 In the line-by-line method, the solution converges very rapidly as the boundary condition 
information is transmitted promptly to the interior portion of the domain, no matter how many 
grid points lie along the line.  Hence, TDMA is a very efficient and convenient tool in solving 
equations, and unlike general direct methods, the TDMA requires low memory space and 
runtime.   
3.8  Algorithm for Time Marching Scheme 
 The fraction of the control volume occupied by the resin liquid at a given instant of time 
relative to the maximum resin liquid the control volume can hold is called the fill factor Fi,j,k . 
Numerically, Fi,j,k is the fractional amount of liquid resin in the control volume. Figure 3-2 
illustrates the pressure node and control volume arrangement in the computational domain.  The 
solid dot represents the node which is surrounded by a control volume represented by the dashed  
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Fig. 3-2.  Schematic for Net Mass Flow Rate Calculations.   
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line.  The bold arrows in and out of the control volume are the components of resin velocities at 
the control volume interfaces. Therefore, for a completely filled control volume, the value of 
kj,i,F  is unity (saturated reinforcement) and is zero (dry reinforcement) when the control volume 
is completely empty.  If the fill factor is unity in a control volume, the pressure is calculated for 
that particular control volume, otherwise atmospheric pressure is assigned to it.  The net mass 
flow rate of liquid resin in and out of the control volume can be computed using the following 
equations. 
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 (3-36) 
The terms 




 
2
kj,i,kj,1,i   and 




  
2
kj,1,ikj,i,   are the average values of porosity at the 
interface of a control volume in the longitudinal direction.  In the Eqs. (3-35) and (3-36), if the 
component of resin velocity is positive, then the first term in the square bracket is used for 
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computations; whereas, if the velocity component is negative, the second term is used to 
compute the mass flow rate.   
The time required to fill the unfilled control volumes is computed using the following equation 
      ΔtRateFlowMassRateFlowMassΔzΔyΔxρF1
outinkj,i,kj,i,
   (3-37) 
or,     
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   (3-38)  
As the resin flow front reaches steady state, the net flow rate across the interfaces of the 
control volume approaches zero, therefore, Δt approaches infinity.  To avoid this problem and 
maintain the numerical stability, the travelling of the pultruded part is restricted to the length of 
the control volume in the pull direction during a given time step, i.e.   
U
min
min
L
Δt0       (3-39) 
Where, Lmin is minimum length of the control volume in the direction of pull speed and U 
is the fiber pull speed in longitudinal direction.  This condition is validated at any instance, and 
only one control volume is allowed to be newly filled in each time step.  At a given time step, if 
the calculated value of minimum time step from Eq. (3-38) is greater than as defined in the Eq. 
(3-39), then the value of the minimum time step from Eq. (3-39) is used, otherwise the value as 
calculated from Eq. (3-38) is used.   
 The minimum value of the time step, computed using Eq. (3-38), is the amount of time 
required to fill the next quickest to fill control volume which has resin in it but neither 
completely filled nor overfilling any other control volume.  As the flow front advances it is 
ensured that no more than one control volume is filled in one time step.  The fill factors for all 
the unfilled or partially filled control volumes are updated at the end of each time step using the 
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minimum time step value obtained from Eqs. (3-38) and (3-39).  The equation for the fill factors 
can be expressed as below 
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ρΔxΔyΔz
Δt
RateFlowMassRateFlowMassΔF

    (3-40) 
kj,i,kj,i,
o
kj,i, ΔFFF        (3-41) 
Where, kj,i,ΔF  is the change in fill factor and kj,i,
oF  is the fill factor at the end of the 
previous time step.   
3.9 Compaction Phenomenon 
Due to the compaction of fibers and the tapering of the injection chamber in Region I, the 
fiber volume fraction will be a function of both the coordinates x and y. The flowchart in Fig. 3-3 
illustrates the utilization of the numerical technique for the compaction modeling in this study.  
The new pressure field is computed at each time step and ∆P(y) (= PN - PP) is calculated for all 
the control volumes.  Here, PP is the resin pressure at a particular node, and PN is the resin 
pressure at the northern neighbor node. 
The local fiber volume fraction Vf(x,y) at each control volume node is computed using 
∆P(y) from the function described in Eq. (3-42).   
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 if ∆P (y) ≤ Pref then Vf (x,y) = Vfo(x)                      (3-42b) 
here, 
Vf(x,y) is the new local fiber volume fraction  
Vfo(x) is the initial (t = 0) local fiber volume fraction at a given location 
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Fig. 3-3.  Flow Chart of the Numerical Technique for Compaction [1].   
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Vfmax is the maximum fiber volume fraction defined by the permeability model (Table 3-1) 
Pref is a reference pressure (here Pref = 1000 Pa) 
∆P (y) = PN - PP 
∆Pmax is the ∆P(y) value at which Vf(x,y) = Vfmax 
 
Equation (3-42) is a simple yet accurate curve fit to the compaction experimental 
pressure data in Ref. [20]. The derivation of Eq. (3-42) is given in Appendix A. To verify this 
simplified model, Eq. (3-42) is plotted with the actual data from Ref. [20] and compared with 
Gutowski’s model [14], see Fig. 3-4; clearly Eq. (3-42) is a very close fit to the experimental 
data. 
The data in Ref. [20] is fitted according to Gutowski’s compaction model [14] with the 
parameter Cs = 0.37 MPa, Vfmax = 0.73, Vfo = 0.49, n = 0.55 
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      (3-43) 
Figure 3-4 shows that the simplified model used in this study, Eq. (3-42), is in close 
agreement with Gutowski’s compaction model [14] as well as the actual experimental data [20].  
Figure 3-4 and Eq. (3-42) show the variation of the local fiber volume fraction (Vf(x,y)) with the 
pressure differential (∆P(y)).  If ∆P(y) ≤ Pref, the local fiber volume fraction is equal to the initial 
fiber volume fraction, i.e.  Vf(x,y) = Vfo(x).  When ∆P(y) = ∆Pmax, the local fiber volume fraction 
is equal to the maximum fiber volume fraction, i.e. Vf(x,y) = Vfmax.  The compaction of the fiber 
reinforcement occurs more easily at lower values of ∆Pmax and vice versa.  When ∆Pmax is low, 
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the local fiber volume fraction increases more readily thus the resin penetration and wetout 
achievement become more difficult. 
The value of ∆Pmax that is used in this work is determined by minimizing the difference 
between the present model and the experimental data from Ref. [20]. The sum of absolute 
differences along the curve of the simplified model and the experimental data from Ref [20] in 
Fig. 3-4 is observed to be a minimum at the ∆Pmax value of 3.45 MPa. The variation of the sum 
of absolute differences at different ∆Pmax values are illustrated in Figure 3-5. Therefore, ∆Pmax = 
3.45 MPa is used in all further investigation in this work. 
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Fig. 3-4. Relation Between Local Fiber Volume Fraction Vf (x,y) and ∆P (y)/Pref  
(∆Pmax=3.45MPa, Pref = 1000 Pa, Vfmax = 0.73, Vfo = 0.49). 
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Fig 3-5. Variation of Sum of Absolute Difference with ∆Pmax 
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3.9.1  Algorithm for Redistribution of Fiber Reinforcement 
When there is no compaction, the local fiber volume fraction at any x-location is equal to 
the initial fiber volume fraction (Vfo(x)).  When compaction takes place, the algorithm calculates 
the local fiber volume fraction at all the control volumes in the y-direction at a particular axial x-
location and makes sure that the total amount (cross-sectional area) of fibers is conserved at that 
axial cross-section.  The algorithm for the redistribution of the fibers is described below.   
1. Initially, at the inlet there is no compaction.  Therefore, the local fiber volume fraction is 
equal to the initial fiber volume fraction (same as dry fibers) i.e.  Vf(x,y) = Vfo(x) 
2. Advance the time until a control volume is filled with resin and calculate the pressure field.   
3. Based on this calculated pressure field, compute the pressure difference domain vertically in 
the y-direction starting from the centerline and progressing towards the top chamber 
boundary. Using the forward differencing technique calculate P=PN - PP for each control 
volume and assign this P value as the center node P.   
4. Using Eq. (3-42) calculate the local fiber volume (area) fraction Vf(x,y) for the control 
volume corresponding to the P assigned to that control volume.   
5. Using the ∆P at the control volume next to the centerline, compute Vf(x,y) from Eq. (3-42) 
such that Vf(x,y) < Vfmax. The total fiber area across the entire composite must remain 
constant; expressed mathematically this relation is given by 
                               

h(x)
0
DD dyy)W(x,W h(x) (x) ffo VV
                                                                       
 
                     or,     y)(x,Δy
h(x)
1
y)dy(x,
h(x)
1
(x)
cvN
1i
i
h(x)
0
fiffo VVV 

                            (3-44) 
where, yi is the height of a control volume.
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Note:  
 A control volume with zero thickness is a control volume at the centerline at a particular 
x location. 
 The number of non-zero thickness control volumes is equal to the number of y-nodes 
minus one, i.e.  Ncv = Ny -1, where Ny is the number of pressure nodes in the y-direction. 
 If there is no compaction, Vf(y) = Vfi(y) = Vfo and thus Eq. (3-44) yields Vfo = Vfo as it 
should to conserve the total fiber area across any cross-section. 
6. For the control volume next to the centerline, the P and Vf(x,y) relation can summarized as 
a) For P  PRef, Vfo  Vf(x,y)  Vfmax 
b) For P = 0 or P  PRef, Vf(x,y) = Vfo(x) 
When P  PRef, the value of Vf(x,y) for a particular control volume increases from Vfo(x) to a 
higher value.  Hence, to conserve the total amount (area) of fibers at any injection chamber 
cross-section, the “total” fiber volume (area) fraction of the remaining control volumes in the 
transverse direction must decrease accordingly.  Also, the total fiber volume fraction Vf(x,y) 
at any cross-section can never be greater than Vfmax.  When there is an increase in the fiber 
volume fraction in a control volume (say control volume # 1, which is the control volume 
next to the centerline), then the increase in fiber area in that control volume will correspond 
to y1WD[Vf(x,y)-Vfo(x)]; the fiber area increase in this control volume must result in a 
decrease in the total fiber area among the remaining control volumes along the y-direction. 
For the ith control volume, vertical height of that control volume is referred as yi in finite 
difference form, whereas its vertical distance from the centerline is denoted as yi (refer Fig. 
(3-6)).  
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As a first “step”, it is assumed that, this decrease in fiber area is shared equally among the 
remaining control volumes in the y-direction.  Mathematically, 
 
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y
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DD
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1
dy WVˆdy W y)(x,)x(h )x( W ffo VV  
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where, 
2Vˆ is the average fiber area fraction of the remaining (Ncv – 1) control volumes in the 
y-direction after the increase in the fiber area of the particular control volume under 
compaction.  This is done to maintain the balance of the overall fiber area at any x-location.  
Now solving for 
2Vˆ  yields 
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Now, as a next “step”, compute the fiber volume (area) fraction for control volume # 2 using 
its corresponding P and Eq. (3-42).  Thus, now the average area fraction 3Vˆ , for the 
remaining (Ncv – 2) control volumes becomes 
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This sequential stepping process continues upto, but not including, the last control volume 
next to the top boundary of the injection chamber.  This stepping sequence of the above 
process can be generalized from the above equations for the jth control volume as 
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 
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To facilitate the computation for the finite volume analysis, the integral form of Eq. (3-48) is 
represented in finite difference form as  
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Here, Ncv is the number of non-zero thickness control volumes in the y-direction which can 
be calculated as Ncv = Ny - 1, where Ny is the number of pressure nodes in the y-direction.  To 
find the fiber volume (area) fraction for the non-zero thickness control volume next to the top 
chamber boundary (j = Ncv), Eq. (3-49) can be written as 
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Also,
CVcv NfN
VˆV   for only the one control volume next to the top boundary, the average (
CVN
Vˆ ) 
fiber volume fraction is the same as the local (
cvfN
V ) fiber volume fraction for the control 
volume next to the top chamber wall. 
7. Calculate 
cvfN
V = 
cvN
Vˆ  from Eq. (3-50); note if 0Vˆ
cvN
 , then this sequential process yields 
the fiber area fraction distribution across the composite in the y-direction; however it is 
possible that 0Vˆ
cvN
  might occur. 
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a) If (
cvfN
V = 
cvN
Vˆ )  0, 
 Then assign 
1R
Vˆ =
cvfN
V  
 Now assign
cvN
Vˆ  = 0.01 and 
cvfN
V =
cvN
Vˆ  This is done to keep the permeabilities in 
Eq. (3-3 and 3-4) from becoming undefined. However the permeabilities will become 
large as it is high for a very low local fiber volume fraction. 
 Next subtract the absolute value |ˆ| 1RV of the calculated negative fiber volume fraction 
and the additional 0.01 from the local fiber volume fraction of the control volume 
number Ncv – 1 to conserve the total overall fiber volume fraction at the particular 
cross-section. 
Mathematically, this can be stated as 
]Δy[W)01.0|ˆ(|]Δy[W]Δy[W
cv1cvcv ND1ND1)Ncv(1)Ncv(1ND

 Rff
VVV  
or,  ]01.0|ˆ[| 11)Ncv(1)Ncv(   Rff VVV     (3.51) 
Here, we have Vf(NCV-1) on either side of the Eq. (3-51) where, the term on the right side of the 
equation is calculated using the Eq. (3-42) and the other is calculated by conserving the total 
fiber volume fraction at this particular cross-section; Eq. (3-51) is to be interepreted as 
written in computer logic. 
8. if 1)Ncv( fV  
  0, 
 Assign 
2R
Vˆ = 1)f(NcvV   
 Assign
 1)Ncv( f
V  = 0.01 
 Again to maintain the total overall fiber volume fraction. 
]Δy[W)01.0|ˆ(|]Δy[W]Δy[W 1ND2ND2)Ncv(2)Ncv(2ND cv2cvcv    Rff VVV  
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or,  ]01.0|ˆ[| 22)Ncv(2)Ncv(   Rff VVV      
9. Repeat the process until 0j)Ncv( fV  
is satisfied to ensure that there are no control 
volumes with negative fiber volume (area) fractions and overall fiber cross-sectional area 
is conserved. 
10. Now advance to another time step and repeat step 2 through 9 until steady-state is 
reached.   
This algorithm will ensure that the overall fiber volume (area) fraction across any cross-
section remains constant even though there is a of fiber volume (area) fraction distribution along 
the y-direction due to compaction.  In summary, Eq. (3-42) is utilized to compute the compacted 
fiber volume fraction for all the control volumes in the transverse y-direction except the control 
volumes next to the injection chamber wall (i.e. control volume Ncv).  For this control volume 
Eq. (3-50) is utilized and steps 7-9 above are employed.  This procedure allows the fibers to be 
displaced away from the injection chamber wall due to pressure gradients (P(y)) across specific 
control volumes.  As the fibers are pushed towards the chamber center, there are only a reduced 
number of fibers left in the control volumes near the chamber wall.  In such cases, the algorithm 
mentioned in steps 6 - 9 ensures that the overall amount of fiber volume (area) fraction at any 
given cross-section is conserved.   
3.10  Mesh/ Grid Generation 
 The computational domain is divided into finite control volumes with a node associated 
to each control volume.  The black circles represent the nodes, and the dashed lines represent the 
control volume interfaces.  Generally, a node is placed at the center of the control volume.  
However, the thickness of control volumes at the injection chamber walls, inflow boundary, 
outflow boundary and centerline is zero; hence the nodes for these control volumes are placed 
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over the control volume interface itself.  In this study, as the injection chamber is symmetrical 
only a quarter domain is modeled and computed.  This remarkably decreases the memory by 
about 75% and CPU time is also reduced significantly.  The CPU run time (Dell Optiplex-990, 
Intel i7-3.4 Ghz processor, 4GB RAM) was typically between less than a minute to about 5 
minutes depending upon the case under study.  In this model, the mesh is fine near the walls of 
the chamber and coarse near the centerline. This refining or coarsening of the mesh in the 
computational domain is used to accommodate the difference in the pressure gradients.   
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Fig. 3-6. Schematic of Computational Domain with the Grid. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
A 3-D finite volume technique was employed to simulate the liquid resin flow through the 
fiber reinforcement and predict the impact of the processing paramete1rs on the injection pressure 
necessary to achieve complete wetout and to determine the resin pressure field and the location of 
the liquid resin flow front in a tapered injection pultrusion process of polyester resin/glass rovings 
composite. This finite volume technique was further coupled with a compaction model derived 
from experimental data [16]. This compaction model was used to model the compaction 
phenomenon when subjected to resin pressure gradients. The mathematical descriptions developed 
in the previous chapter were further utilized to yield the favorable conditions to achieve complete 
wetout for various processing parameters when fiber compaction is considered. The injection 
pressure needed to achieve complete wetout of the dry reinforcement by the liquid resin depends 
on various processing parameters.  The processing parameters impacting the injection pressure 
required to achieve complete resin wetout, which were studied are as follows: 
 Pull speed, U 
 Fiber volume fraction of finished pultruded composite, Vfo, and  
 Resin viscosity, µ  
The results are organized into three sections, namely: Section I, II and III including a basic 
introduction on the effect of compaction as compared to that of the non-compaction case for a 
tapered resin injection pultrusion chamber. The effects of pull speed, fiber volume fraction and 
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resin viscosity on wetout achievement in a tapered resin injection chamber with fiber compaction 
are presented in Sections I, II and III respectively.  
4.1 Compaction Effect on Injection Pressure 
 A minimum injection pressure is required to achieve complete fiber reinforcement wetout 
for any value of Pmax and for a given pull speed, given fiber volume fraction and given resin 
viscosity for a tapered injection chamber. The parameter Pmax is defined by Eq. (3-42) and 
governs the degree (or ease) of fiber reinforcement compaction due to resin pressure gradients; a 
higher Pmax value means compaction is more difficult to occur. This is compared to the non-
compaction case of a tapered resign injection pultrusion process. Exploring the differences 
between the two cases, one can see that the compaction of fiber reinforcements makes it more 
difficult for the liquid resin to reach the chamber centerline and hence to achieve complete wetout. 
In the tapered case, there is no upper injection pressure limit to achieve wetout, this is due to fibers 
not being highly bunched together in the tapered region of the injection chamber. Wetout occurs 
more rapidly in a non-compaction case compared to a compaction case due to the squeezing of the 
fibers together. 
When the resin injection pressure is above the minimum injection pressure limit, complete 
wetout of the fiber reinforcement will be achieved.  However, when the resin injection pressure is 
below the minimum pressure limit, the resin cannot effectively penetrate through the fiber 
reinforcement; instead it is readily swept downstream by the fiber velocity before it can penetrate 
through to the centerline (complete wetout).   
To appreciate the contrast between the compaction and non-compaction cases, a non-
compaction model was also employed; the minimum injection pressure to achieve complete wetout 
without compaction was found to be lower as there is less resistance to the flow of resin since the 
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fibers are not squeezed together by resin pressure gradients near the injection port; the fibers in the 
non-compaction case are only pushed closer together due to the injection chamber taper, but not 
due to the resin pressure gradient near the injection slot.  For the non-compaction case, any 
injection pressure below this pressure will not achieve complete fiber wetout and any injection 
pressure above will achieve complete wetout.  For the non-compaction case, the fiber volume 
fraction distribution is uniform at any given axial x-location cross section.  Now the phenomena 
occurring below the minimum injection pressure and above the minimum injection pressure limit 
will be discussed in detail. 
4.1.1 Below the Minimum Injection Pressure Limit 
Below the minimum injection pressure limit required to achieve complete wetout at the 
Pmax = 3.45 MPa for U = 0.02032 m/s (48 in/min) will now be discussed. The value of Pmax = 
3.45 MPa was selected based on the best curve fit of this model (Eq. 3-42a) to the experimental 
data in Ref. [16] as discussed in Chapter 3. Figure 4-1 depicts the steady-state flow front (thick 
line) and gauge isopressure contours (thin lines) for a polyester resin/glass rovings composite.  For 
better comprehension, the x-axis and y-axis of the figure have been non-dimensionalized by the 
respective overall dimensions corresponding to the axes.  Also the isopressure contours have been 
normalized by “one” atmosphere of pressure.  One can see from Fig. 4-1 that wetout has “not” 
been achieved (dry core along chamber centerline) and that there is no significant resin back-flow 
from the injection port which is located at x/LT = 0.333.  The injection pressure (Pinj = 0.106 MPa) 
is too low to cause significantly high fiber compaction; also, this injection pressure is not high 
enough for resin to penetrate through the fiber reinforcement to reach the centerline.  In this case, 
the resin is swept downstream with the fiber velocity before it can reach the centerline and yields 
in-complete fiber wetout.  
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Figure 4-1: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyester 
Resin/ Glass: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 
Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.106 MPa). 
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4.1.2 At the Minimum Injection Pressure Limit 
 At the minimum injection pressure limit (Pinj = 0.116 MPa), complete wetout will occur at 
a Pmax value of 3.45 MPa for U = 0.02032 m/s (48 in/min).  Figure 4-2 shows the spatial resin 
distribution illustrating the steady-state resin flow condition inside the tapered injection chamber.  
It can be observed that just at the minimum injection pressure limit, that wetout has been achieved 
near the exit of Region I (tapered portion) in the injection chamber.  Since the injection pressure 
(Pinj = 0.116 MPa) is high, there is a possibility of fiber compaction in this case which makes the 
resin penetration more difficult.  However, it is evident from Fig. 4-2 that the resin pressure is high 
enough to penetrate through the somewhat compacted fiber matrix to achieve complete wetout just 
before the fiber/resin system exits Region I of the injection chamber.  Also, due to the high 
injection pressure, there is some backflow along the chamber wall toward the chamber entrance as 
compared to the injection pressure in Fig. 4-1 where there is very little back flow of the resin. 
4.1.3 Above the Minimum Injection Pressure Limit 
 Above the minimum injection pressure limit to achieve complete wetout at a Pmax = 3.45 
MPa for U = 0.02032 m/s (48 in/min) is now considered. The injection pressure (Pinj = 0.132 MPa) 
in this case (Fig. 4-3) is now higher which results in even more compaction and more backflow 
and also more resin penetration at the same time. Figure 4-3 illustrates the resin flow front location 
and the isopressures contours.  It is seen that complete wetout (resin reaches centerline) occurs 
earlier upstream than at the minimum injection pressure limit (Fig. 4-2). When the resin is injected 
through the injection slot, the higher resin pressure pushes the fibers away from the chamber wall 
towards the centerline. This decreases the local fiber volume fraction at the near-wall regions and 
increases the fiber volume fraction somewhere away from the chamber wall and the centerline. 
Since there are fewer fibers near the wall in this case, the resin can more readily flow backwards  
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Figure 4-2: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 
Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.116 MPa,). 
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Figure 4-3: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 
Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.132 MPa). 
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(upstream) causing backflow of resin toward chamber inlet and ultimately to the centerline at a 
more upstream location. 
However, resin is still not flowing out through the chamber entrance but this could occur 
with a very high increase in the resin injection pressure. Though there is notable compaction in the 
fiber reinforcement, the higher injection pressure can still penetrate through the fiber reinforcement 
and result in complete fiber wetout significantly ahead of the chamber exit. 
Section I 
This section explores the impact of pull speed (U) on the fiber reinforcement wetout when 
fiber compaction is taken into account in a tapered resin injection pultrusion chamber.  The results 
have been simulated for three different pull speeds: U = 0.01524 m/s (36 inch/min), U = 0.02032 
m/s (48 inch/min) and U = 0.0254 m/s (60 inch/min) at three different compression ratios for the 
tapered chamber: CR = 2.0, CR = 3.0 and CR = 4.0 with length LT = 0.30 m and width WD = 
0.00635 m, height HD = 0.00318 m and at a fiber volume fraction of Vfo = 0.68 and a resin viscosity 
of μ = 0.75 Pa.s. The results of these simulations are compared to the non-compaction resin 
injection pultrusion process. The details of how the compaction process interacts with the 
respective fiber pull speeds, and eventually impacting the wetout process, will be explained next. 
4.2 Comparison of Compaction versus Non-Compaction 
Figure 4-4 shows the centerline and chamber wall pressure profiles along the axial length 
of the injection chamber and compares both the compaction and non-compaction cases for the 
three different pull speeds under study: U = 0.01524 m/s (36 inch/min), U = 0.02032 m/s (48 
inch/min) and U = 0.0254 m/s (60 inch/min) at a compression ratio for the tapered chamber of CR 
= 2.0; CR = 2.0 is used to clearly visualize the compaction phenomenon, at a nominal fiber volume 
fraction of Vfo = 0.68 and for a nominal resin viscosity of  = 0.75 Pa.s. 
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Figure 4-4: Centerline (CL) and Chamber Wall (CW) Pressure Axial Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Pull Speeds. (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.75 Pa.s). 
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The minimum injection pressure required to achieve complete wetout in a compaction case 
is higher as compared to that of a non-compaction case as evident from Figure 4-4 at the injection 
slot location. The peak internal pressure is lower for the compaction case because the resin does 
not penetrate to the centerline until much further downstream for the compaction case. The 
distance from where resin reaches the centerline to the start of Region II of the chamber is the 
length over which compression occurs. This length of resin compression distance strongly 
influences the peak internal pressure; therefore the shorter the length of this compression distance 
the lower will be the peak internal pressure. Figures 4-5 and 4-6 also show a similar comparison 
for compression ratios: CR = 3.0 and CR = 4.0 respectively. 
The minimum injection pressure necessary to achieve complete wetout and the 
corresponding peak internal pressure in the injection chamber at Pmax value of 3.45MPa and three 
values of pull speed at three different compression ratios are summarized in Table 4-1. The 
minimum injection pressure required to achieve complete wetout in the compaction cases are used 
for the cases without compaction for comparison between the two cases. 
Complete wetout of the fiber reinforcement is achieved when the injection pressure is 
above the minimum injection pressure limit.  When the injection pressure is below the minimum 
injection pressure limit the resin cannot penetrate effectively in the transverse direction; instead it 
is swept downstream with the fiber velocity before it can reach the centerline to cause complete 
wetout. From Table 4-1 it can be deduced that the higher the compression ratio of the injection 
chamber the easier (lower injection pressure) it is to achieve complete wetout. At CR = 4.0 the 
minimum injection pressure required to achieve wetout is quite low (slightly above atmospheric 
pressure). The peak internal pressure also increases as the pull speed of the fibers increases. 
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Figure 4-5: Centerline (CL) and Chamber Wall (CW) Pressure Axial Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Pull Speeds. (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s). 
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Figure 4-6: Centerline (CL) and Chamber Wall (CW) Pressure Axial Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Pull Speeds. (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.75 Pa.s). 
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Table 4-1: Pull Speed Impact on Minimum Injection Pressure for Complete Wetout for         
xIC = 0.10 m, Δx = 0.01 m, LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m. 
Case CR 
Viscosity 
μ 
(Pa.s) 
Fiber 
volume 
fraction 
Vfo 
Pull speed 
U 
(m/s) 
Min Inj 
Pressure 
MPa 
(psi) 
Peak Interior Pressure 
MPa (psi) 
With 
compaction 
Without 
compaction 
1 2 0.75 0.68 0.01524 
0.199 
(29.0) 
0.025 
(3.6) 
1.409 
(204.4) 
2 2 0.75 0.68 0.02032 
0.285 
(41.4) 
0.405 
(58.7) 
2.028 
(294.1) 
3 2 0.75 0.68 0.0254 
0.334 
(48.4) 
0.590 
(85.6) 
2.539 
(368.3) 
4 3 0.75 0.68 0.01524 
0.106 
(15.4) 
0.124 
(18.0) 
1.052 
(152.6) 
5 3 0.75 0.68 0.02032 
0.117 
(16.9) 
0.224 
(32.5) 
1.412 
(204.8) 
6 3 0.75 0.68 0.0254 
0.132 
(19.2) 
0.582 
(84.4) 
1.769 
(256.6) 
7 4 0.75 0.68 0.01524 
0.101 
(14.7) 
0.336 
(48.7) 
0.793 
(115.0) 
8 4 0.75 0.68 0.02032 
0.101 
(14.7) 
0.483 
(70.0) 
1.074 
(155.8) 
9 4 0.75 0.68 0.0254 
0.101 
(14.7) 
0.548 
(79.5) 
1.356 
(196.7) 
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The minimum injection pressure required to achieve complete wetout for CR = 4.0 (Table 
4-1) is the same for the various pull speeds under study; this is because of the high compression 
ratio or taper angle. Studying Figs. 4-4, 4-5 and 4-6 it is seen that the peak internal pressure in the 
tapered injection chamber increases as the pull speed increases.  
In a tapered resin injection pultrusion chamber with compaction the minimum pressure 
required to achieve complete wetout depends on various factors as stated. For the same injection 
pressure in the non-compaction case, wetout of fibers occurs (reaches the centerline) upstream as 
compared to the case with compaction. Due to compaction, the fibers are compacted away from 
the wall thus opposing the flow of resin towards the centerline; this delays the axial location where 
the resin reaches the centerline. Thus a higher injection is required in this case as compared to the 
non-compaction case. Figures 4-7 and 4-8 show the isopressure contours for a given injection 
pressure for compaction and with non-compaction cases respectively. It is clearly evident that the 
resin reaches the centerline for the non-compaction case in Fig. 4-8 further upstream as compared 
to the compaction case in Fig. 4-7 for a compression ratio CR = 3.0, U = 0.02032 m/s (48 in/min), 
Vf0 = 0.68 and viscosity μ = 0.75 Pa.s. 
The effect of pull speed in a tapered resin injection pultrusion process with compaction at 
different compression ratios of CR = 2.0, 3.0, and 4.0 is further investigated in this section. 
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Figure 4-7: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving with Compaction: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m,             
CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.129 
MPa). 
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Figure 4-8: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving with Non Compaction: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m,      
CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.129 
MPa). 
 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
Axial Thickness, x/L
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
-1.0
0.0
1.0Flow  
Front 
D 
xial Distance, x/LT 
  
72 
 
4.3 Effect of Pull Speed and Compaction of Fibers on Tapered Resin Injection Pultrusion: 
 The minimum injection pressure required to achieve complete wetout at any given 
condition also depends on the fiber velocity (pull speed). From Table 4-1 it is seen that the 
minimum injection pressure to achieve complete wetout increases with an increase in pull speed 
at any specific compression ratio, fiber volume fraction, and resin viscosity. The isopressure 
contours for a pull speed U = 0.01524 m/s (36 in/min) and a compression ratio of CR = 2.0 and 
nominal fiber volume fraction and resin viscosity and with compaction is presented in Fig. 4-9a. 
The variation of the fiber volume fraction in the transverse direction (y-direction) due to 
compaction is depicted in Fig. 4-9b. Since the injection pressure of the resin injected into the 
chamber is at the minimum injection pressure, the resin penetrates through the compacted fiber 
reinforcement to the centerline while simultaneously resin is swept in the axial (x) direction due 
to the fiber velocity.  In this case, the resin reaches the centerline to achieve wetout near the exit 
of the Region I of the injection chamber.  
 Near the injection slot, the resin pressure pushes fibers in the transverse direction. The fiber 
volume fraction is essentially uniform upstream of the injection port location (x/LT = 0.175), then 
the fiber volume fraction uniformly increases downstream as seen in Fig. 4-9b due to tapering. At 
x/LT = 0.358, which is in the injection slot of the tapered injection chamber, the transverse fiber 
volume fraction has a very low fiber region near the injection slot due to the injection pressure 
pushing fibers away (at y/(HD/2) = ±0.75) from the wall; as a result of this the fiber volume fraction 
changes at y/(HD/2) = ±0.35 in the transverse direction to compensate the low fiber region near the 
wall at y/(HD/2) = ±0.75.  
 At x/LT = 0.725 of the injection chamber, this is in between the injection slot and Region 
II of the injection chamber, the transverse fiber volume fraction increases significantly due to both 
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Figure 4-9a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,        
Vfo = 0.68,  = 0.75 Pa.s, U = 0.01524 m/s (36 in/min), Pmax = 3.45 MPa, Pinj = 0.199 MPa). 
 
 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
Axial Distance, x/L
-2.0
-1.0
0.0
1.0
2.0
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
-1.0
0.0
1.0
Flow  
Front 
T 
D 
  
74 
 
 
 
 
 
Figure 4-9b: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,                
HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.01524 m/s (36 
in/min), Pmax = 3.45 MPa, Pinj = 0.199 MPa). 
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compaction and tapering of the injection chamber. Further downstream in the straight portion (i.e. 
at x/LT = 0.908) the local fiber volume fraction reaches the maximum fiber volume fraction (Vf = 
Vfo = 0.68). The transverse fiber volume fraction profiles at different locations show the variation 
of fibers in the transverse direction due to the small fiber lean region just above the injection 
chamber wall in the vicinity of the injection port. These fiber lean regions are formed due to the 
injection pressure at which the resin is injected into the chamber. This injection pressure pushes 
the fibers towards the center of the chamber. Thus resulting in fiber lean regions and fiber 
concentrated regions. 
With an increase in the pull speed of the fibers from U = 0.0154 m/s (36 in/min) (Fig. 4-
9a) to U = 0.02032 m/s (48 in/min) (Fig. 4-10a) the axial location at which the resin reaches the 
centerline is moved further upstream due to the increased injection pressure (Pinj = 0.285 MPa) as 
in Figure 4-10a. The same phenomena is followed for the pull speed of U = 0.0254 m/s (60 in/min) 
(Fig. 4-11a) and the point of wetout is moved further upstream (Pinj = 0.334 MPa) due to the higher 
injection pressure compared to both the two previous fiber velocities with Figure 4-11a. The 
transverse fiber volume fraction profiles are similar to that in Fig. 4-9b and are shown in Fig. 4-
10b and Fig. 4-11b. From Figures 4-9a, 4-10a and 4-11a it is observed that the point of wetout 
achievement (resin reaches centerline) of the fiber reinforcements is moving upstream with an 
increase in injection pressure or an increase in pull speed. Thus the peak internal pressure increases 
due to the increasing length of the resin compression region (length from where resin reaches 
centerline to the end of Region I).  
At high compression ratios like CR = 4.0, the minimum injection pressure required to 
achieve wetout is the same for the various pull speeds. For CR = 4.0, the peak internal pressure 
increases with pull speed, this is because the injected resin is being compressed slowly in case-7,  
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Figure 4-10a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.285 MPa). 
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Figure 4-10b: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,                
HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.285 MPa). 
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Figure 4-11a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,        
Vfo = 0.68,  = 0.75 Pa.s, U = 0.0254 m/s (60 in/min), Pmax = 3.45 MPa, Pinj = 0.334 MPa). 
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Figure 4-11b: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,                
HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.0254 m/s (60 
in/min), Pmax = 3.45 MPa, Pinj = 0.334 MPa). 
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quickly in case-8 and more quickly in case-9 of Table 4-1. Therefore, the time required to compress 
the resin decreases and thus the pressure increases as the resin is being compressed quickly. This 
is evident from the Figs 4-12, 4-13 and 4-14.  The quicker the resin is compressed the higher is the 
pressure and vice versa. Therefore the resin is swept further downstream before reaching the 
centerline with increasing fiber pull speed and with increasing peak internal pressure. 
Having discussed the effect of pull speed on fiber compaction and complete wetout 
achievement in the tapered injection pultrusion manufacturing process, next the effect of fiber 
volume fraction will be discussed in Section II. 
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Figure 4-12: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.01524 m/s (36 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure 4-13: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,        
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure 4-14: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.0254 m/s (60 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Section II 
 This section illustrates the impact of fiber volume fraction on the fiber reinforcement 
wetout when fiber compaction is taken into account in a tapered resin injection pultrusion 
chamber.  The results have been simulated for three different fiber volume fractions: Vfo = 0.62, 
Vfo = 0.68 and Vfo = 0.72 at three different compression ratios for the tapered chamber: CR = 2.0, 
CR = 3.0 and CR = 4.0 with length LT = 0.30 m and width WD = 0.00635 m, height HD = 
0.00318 m and at a pull speed of U = 0.02032 m/s (48 inch/min) and a resin viscosity of μ = 0.75 
Pa.s. The results of these simulations are compared to the non-compaction resin injection 
pultrusion process. The details of how the compaction process interacts with the respective fiber 
volume fractions, and eventually impacting the wetout process, will be explained next. 
4.4 Comparison of Compaction versus Non-Compaction 
Figure 4-15 shows the centerline and chamber wall pressure profiles along the axial 
length of the injection chamber and compares both the compaction and non-compaction cases for 
the three different fiber volume fractions under study: Vfo = 0.62, Vfo = 0.68 and Vfo = 0.72 at a 
compression ratio for the tapered chamber of CR = 2.0; CR = 2.0 is used to clearly visualize the 
compaction phenomenon, at a nominal fiber pull speed of U = 0.02032 m/s (48 inch/min)  and 
for a nominal resin viscosity of  = 0.75 Pa.s. 
The minimum injection pressure required to achieve complete wetout in a compaction 
case is slightly higher as compared to that of a non-compaction case as evident from Fig. 4-15. 
The peak internal pressure is lower for the compaction cases because the resin does not penetrate 
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Figure 4-15: Centerline (CL) and Chamber Wall (CW) Axial Pressure Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Fiber Volume 
Fractions. (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, U = 0.02032 m/s,          
 = 0.75 Pa.s). 
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to the centerline until much further downstream for the compaction case. The distance from 
where liquid resin reaches the centerline to the start of Region II of the chamber is the length 
over which compression occurs. This length of resin compression distance strongly influences 
the peak internal resin pressure; therefore the shorter the length of this compression distance 
typically the lower will be the peak internal pressure. Figures 4-16 and 4-17 also show similar 
comparisons for compression ratios of CR = 3.0 and CR = 4.0 respectively. 
The minimum injection pressure necessary to achieve complete wetout and the 
corresponding peak internal pressure in the injection chamber at a Pmax value of 3.45MPa and 
three values of fiber volume fraction at three different compression ratios are summarized in 
Table 4-2. The minimum injection pressure required to achieve complete wetout in the 
compaction cases are used for the cases without compaction for comparison purposes between 
the two cases. 
Complete wetout of the fiber reinforcement is achieved when the injection pressure is 
above the minimum injection pressure limit.  When the injection pressure is below the minimum 
injection pressure limit the resin cannot penetrate effectively in the transverse direction; instead 
it is swept downstream with the fiber velocity before it can reach the centerline and does not 
achieve complete wetout. From Table 4-2 it can be seen that the higher the compression ratio of 
the injection chamber the easier (lower injection pressure) it is to achieve complete wetout. At 
CR = 4.0 the minimum injection pressure required to achieve wetout is quite low (slightly above 
atmospheric pressure). The peak internal pressure also increases as the fiber volume fraction 
increases. 
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Figure 4-16: Centerline (CL) and Chamber Wall (CW) Axial Pressure Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Fiber Volume 
Fractions. (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, U = 0.02032 m/s,          
 = 0.75 Pa.s). 
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Figure 4-17: Centerline (CL) and Chamber Wall (CW) Axial Pressure Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Fiber Volume 
Fractions. (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, U = 0.02032 m/s,          
 = 0.75 Pa.s). 
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Table 4-2: Fiber Volume Fraction Impact on Minimum Injection Pressure for Complete 
Wetout for xIC = 0.10 m, Δx = 0.01 m, LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m. 
Case CR 
Viscosity 
μ 
(Pa.s) 
Pull 
speed 
U 
(m/s) 
Fiber 
volume 
fraction 
Vfo 
Min Inj 
Pressure 
MPa 
(psi) 
Peak Interior Pressure 
MPa (psi) 
With 
compaction 
Without 
compaction 
10 2 0.75 0.02032 0.62 
0.210 
(30.4) 
0.108 
(15.7) 
1.244 
(180.4) 
11 2 0.75 0.02032 0.68 
0.284 
(41.1) 
0.395 
(57.3) 
2.037 
(295.4) 
12 2 0.75 0.02032 0.72 
0.360 
(52.2) 
0.400 
(58.0) 
2.862 
(415.1) 
13 3 0.75 0.02032 0.62 
0.106 
(15.4) 
0.031 
(4.5) 
0.910 
(132.0) 
14 3 0.75 0.02032 0.68 
0.117 
(16.9) 
0.033 
(4.8) 
1.416 
(205.4) 
15 3 0.75 0.02032 0.72 
0.131 
(19.0) 
0.578 
(83.8) 
1.918 
(278.2) 
16 4 0.75 0.02032 0.62 
0.101 
(14.7) 
0.249 
(36.1) 
0.723 
(104.9) 
17 4 0.75 0.02032 0.68 
0.101 
(14.7) 
0.488 
(70.8) 
1.089 
(158.0) 
18 4 0.75 0.02032 0.72 
0.101 
(14.7) 
0.744 
(107.9) 
1.452 
(210.6) 
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The minimum injection pressure required to achieve complete wetout for CR = 4.0 (Table 
4-2) is the same for the various fiber volume fractions under study; this is because of the very 
high compression ratio or taper angle. Studying Figs. 4-15, 4-16 and 4-17 and Table 4-2, it is 
seen that the peak internal pressure in the tapered injection chamber increases as the fiber 
volume fraction increases. This is due to the presence of more fibers, the compaction due to these 
fibers is even greater and the resin pushes the fiber reinforcements towards the centerline 
increasing the internal pressure in the injection chamber. 
In a tapered resin injection pultrusion chamber with compaction the minimum pressure 
required to achieve complete wetout depends on various factors as stated. For the same injection 
pressure in the non-compaction case, wetout of fibers occurs (reaches the centerline) upstream as 
compared to the case with compaction. Due to compaction, the fibers are compacted away from 
the wall thus opposing the flow of resin towards the centerline; this delays the axial location 
where the resin reaches the centerline. Thus a higher injection is required in this case as 
compared to the non-compaction case. Figures 4-18 and 4-19 show the isopressure contours for a 
given injection pressure for compaction and non-compaction cases respectively. It is clearly 
evident that the resin reaches the centerline for the non-compaction case in Fig. 4-19 further 
upstream as compared to the compaction case in Fig. 4-18 for a compression ratio CR = 3.0, U = 
0.02032 m/s (48 in/min), Vfo = 0.68 and viscosity μ = 0.75 Pa.s. 
The effect of fiber volume fraction in a tapered resin injection pultrusion process with 
compaction at different compression ratios of CR = 2.0, 3.0, and 4.0 is further investigated next. 
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Figure 4-18: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving with Compaction: (LT = 0.30 m, HD = 0.00318 m,                  
WD = 0.00635 m, CR = 3.0, U = 0.02032 m/s (48 in/min), Vfo = 0.68,  = 0.75 Pa.s, Pmax = 
3.45 MPa, Pinj = 0.117 MPa). 
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Figure 4-19: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving with Non Compaction: (LT = 0.30 m, HD = 0.00318 m,           
WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 
3.45 MPa, Pinj = 0.117 MPa). 
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4.5 Effect of Fiber Volume Fraction and Compaction on Fibers Distribution: 
 The minimum injection pressure required to achieve complete wetout at any given 
condition also depends on the fiber volume fraction. From Table 4-2 it is seen that the minimum 
injection pressure to achieve complete wetout increases with an increase in fiber volume fraction 
at any specific compression ratio, and resin viscosity. The isopressure contours for a fiber 
volume fraction Vfo = 0.62 and a compression ratio of CR = 2.0 and nominal pull speed and resin 
viscosity and with compaction is presented in Fig. 4-20a. The variation of the fiber volume 
fraction in the transverse direction (y-direction) due to compaction is depicted in Fig. 4-20b. 
Since the injection pressure of the resin injected into the chamber is at the minimum injection 
pressure, the resin penetrates through the compacted fiber reinforcement to the centerline while 
simultaneously some resin is swept in the axial (x) direction due to the fiber velocity.  In this 
case, the resin reaches the centerline to achieve wetout near the exit of the Region I (Fig. 4-20a) 
of the injection chamber.  
 Near the injection slot (Fig. 4-20a), the resin pressure pushes fibers in the transverse 
direction. The transverse fiber volume fraction is essentially uniform upstream of the injection 
port location (x/LT = 0.175), then essentially the fiber volume fraction uniformly increases 
downstream as seen in Fig. 4-20b due to tapering. At x/LT = 0.358, which is in the injection slot 
of the tapered injection chamber, the transverse fiber volume fraction has a very low fiber region 
near the injection slot wall due to the injection pressure pushing fibers away (y/(HD/2) = ±0.75) 
from the wall; as a result of this the fiber volume fraction changes at y/(HD/2) = ±0.35 in the 
transverse direction to compensate the low fiber region near the wall at y/(HD/2) = ±0.75. 
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Figure 4-20a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,        
Vfo = 0.62,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.210 MPa). 
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Figure 4-20b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 
0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.62,  = 0.75 Pa.s, U = 0.02032 
m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.210 MPa). 
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At x/LT = 0.725 of the injection chamber, this is in between the injection slot and start of 
Region II of the injection chamber, the transverse fiber volume fraction increases significantly 
due to both compaction and tapering of the injection chamber. Further downstream in the straight 
portion (i.e. at x/LT = 0.908) the local fiber volume fraction reaches the maximum fiber volume 
fraction (Vf = Vfo = 0.62). The transverse fiber volume fraction profiles at different locations 
show the variation of fibers in the transverse direction due to the small fiber lean region just 
above the injection chamber wall in the vicinity of the injection port. These fiber lean regions are 
formed due to the injection pressure at which the resin is injected into the chamber. This 
injection pressure pushes the fibers away from the wall and towards the center of the chamber. 
Thus resulting in fiber lean regions and fiber concentrated regions. 
With an increase in the fiber volume fraction from Vfo = 0.62 (Fig. 4-20a) (case 10 of 
Table 4-2) to Vfo = 0.68 (Fig. 4-21a) (case 11 of Table 4-2) the axial location at which the resin 
reaches the centerline is moved further upstream due to a significant increase in the minimum 
injection pressure (Pinj = 0.284 MPa) as in Fig. 4-21a. This phenomena is not followed for the 
fiber volume fraction of Vfo = 0.72 (Fig. 4-22a) (case 12 of Table 4-2) and the point of wetout is 
moved further downstream (Pinj = 0.360 MPa) due to the higher compaction, and higher fiber 
volume fraction and minimum injection pressure as compared to both the two previous cases 
(case 10 and 11). The transverse fiber volume fraction profiles are similar to that in Fig. 4-20b 
(Vfo = 0.62) and are shown in Fig. 4-21b (Vfo = 0.68) and Fig. 4-22b (Vfo = 0.72).  
From Figures 4-20a, 4-21a and 4-22a it is observed that the point of wetout achievement 
(resin reaches centerline) of the fiber reinforcements initially moves upstream with an increase in 
fiber volume fraction or injection pressure. With further increase in the fiber volume fraction to 
Vfo = 0.72 the wetout achievement is moved downstream, this is due to high compaction of fiber 
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Figure 4-21a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.284 MPa). 
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Figure 4-21b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 
0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 
m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.284 MPa). 
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Figure 4-22a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,        
Vfo = 0.72,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.360 MPa). 
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Figure 4-22b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 
0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.72,  = 0.75 Pa.s, U = 0.02032 
m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.360 MPa). 
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fiber reinforcements (due to higher fiber volume fraction) and thus the resin is swept further 
downstream  before reaching the centerline. Thus the peak internal pressure is here more 
dependent on injection pressure than on length of the resin compression region (length from 
where resin reaches centerline to the end of Region I).  
At high compression ratios like CR = 4.0, the minimum injection pressure required to 
achieve wetout is the same for all the various fiber volume fractions. For CR = 4.0, the peak 
internal pressure increases with fiber volume fraction, this is because the injected resin is being 
compressed over few fibers for the low fiber volume fraction cases (Vfo = 0.62 case-16), 
moderate fiber volume fraction in case-17 (Vfo = 0.68) and high fiber volume fraction in case-18 
(Vfo = 0.72) of Table 4-2. Therefore, for a given compression ratio, and increasing fiber volume 
fraction the compaction of more fibers yields greater internal pressure as the resin is being 
compressed. This is evident from the Figs. 4-23a, 4-23b and 4-23c.  Therefore, the higher the 
fiber volume fraction is the higher is the internal pressure and vice versa. Therefore the resin 
reaches the centerline almost at the same x-location even with increasing fiber volume fraction 
and with increasing peak internal pressure. 
Having discussed the effect of fiber volume fraction on fiber compaction and complete 
wetout achievement in the tapered injection pultrusion manufacturing process, next the effect of 
resin viscosity will be discussed in Section III. 
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Figure 4-23a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.62,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure 4-23b: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
 
 
 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
Axial Thickness, x/L
-4.0
-2.0
0.0
2.0
4.0
T
h
ic
k
n
es
s,
 y
/(
H
 /
2
)
-1.0
0.0
1.0
Flow  
Front 
T 
D 
 Dista ce, x/  
104 
 
 
 
 
 
Figure 4-23c: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.72,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Section III 
 This section illustrates the impact of resin viscosity on the fiber reinforcement wetout 
when fiber compaction is taken into account in a tapered resin injection pultrusion chamber.  The 
results have been simulated for three different resin viscosities: μ = 0.50 Pa.s, μ = 0.75 Pa.s and    
μ = 1.00 Pa.s at three different compression ratios for the tapered chamber: CR = 2.0, CR = 3.0 
and CR = 4.0 with length LT = 0.30 m and width WD = 0.00635 m, height HD = 0.00318 m and at 
a nominal pull speed of U = 0.02032 m/s (48 inch/min) and a nominal fiber volume fraction of 
Vfo = 0.68. The results of these simulations are compared to the non-compaction resin injection 
pultrusion process. The details of how the compaction process interacts with the respective resin 
viscosities, and eventually impacting the wetout process, will be explained next. 
4.6 Comparison of Compaction versus Non-Compaction 
Figure 4-24 shows the centerline and chamber wall pressure profiles along the axial 
length of the injection chamber and compares both the compaction and non-compaction cases for 
the three different resin viscosities under study: μ = 0.50 Pa.s, μ = 0.75 Pa.s and    μ = 1.00 Pa.s at 
a compression ratio for the tapered chamber of CR = 2.0; CR = 2.0 is used to clearly visualize 
the compaction phenomenon, at a nominal fiber pull speed of U = 0.02032 m/s (48 inch/min)  
and for a nominal fiber volume fraction of Vfo = 0.68. 
 The minimum injection pressure required to achieve complete wetout in a compaction 
case is a little higher as compared to that of a non-compaction case as evident from Fig. 4-24; 
this is similar to the previous sections (Figs. 4-4 and 4-15). The peak internal pressure is lower 
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Figure 4-24: Centerline (CL) and Chamber Wall (CW) Axial Pressure Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Resin Viscosities.   
(LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, U = 0.02032 m/s, Vfo = 0.68). 
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for the compaction case because the resin does not penetrate to the centerline until much further 
downstream for the compaction case. The distance from where liquid resin reaches the centerline 
to the start of Region II of the chamber is the length over which compression occurs. This length 
of resin compression distance strongly influences the peak internal pressure; therefore. The 
shorter the length of this compression distance the lower will be the peak internal pressure. 
Figures 4-25 and 4-26 also show a similar comparison but for compression ratios of CR = 3.0 
and CR = 4.0 respectively. 
The minimum injection pressure necessary to achieve complete wetout and the 
corresponding peak internal pressure in the injection chamber for a Pmax value of 3.45MPa and 
three values of resin viscosity at three different compression ratios are summarized in Table 4-3. 
The minimum injection pressure required to achieve complete wetout in the compaction cases 
are used for the cases without compaction as a means for comparison between the two cases. 
Complete wetout of the fiber reinforcement is achieved when the injection pressure is 
above the minimum injection pressure limit.  When the injection pressure is below the minimum 
injection pressure limit the resin cannot penetrate effectively in the transverse direction; instead 
it is swept downstream with the fiber velocity before it can reach the centerline to cause 
complete wetout. From Table 4-3 it can be seen that the higher the compression ratio of the 
injection chamber the easier (lower injection pressure) it is to achieve complete wetout. At CR = 
4.0 the minimum injection pressure required to achieve wetout is quite low (slightly above 
atmospheric pressure) compared to the compression ratios, CR = 2.0 and CR = 3.0. The peak 
internal pressure also increases as the liquid resin viscosity increases. 
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Figure 4-25: Centerline (CL) and Chamber Wall (CW) Axial Pressure Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Resin Viscosities.  
(LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, U = 0.02032 m/s, Vfo = 0.68). 
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Figure 4-26: Centerline (CL) and Chamber Wall (CW) Axial Pressure Profiles and 
Comparison of Compaction and Non-Compaction Cases for Different Resin Viscosities.  
(LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, U = 0.02032 m/s, Vfo = 0.68). 
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Table 4-3: Resin Viscosity Impact on Minimum Injection Pressure for Complete Wetout 
for xIC = 0.10 m, Δx = 0.01 m, LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m. 
Case CR 
Fiber 
volume 
fraction 
Vfo  
 
Pull 
speed 
U 
(m/s) 
Viscosity 
μ 
(Pa.s) 
Min Inj 
Pressure 
MPa 
(psi) 
Peak Interior Pressure 
MPa (psi) 
With 
compaction 
Without 
compaction 
10 2 0.68 0.02032 0.50 
0.173 
(25.1) 
0.072 
(10.4) 
1.315 
(190.7) 
11 2 0.68 0.02032 0.75 
0.284 
(41.1) 
0.395 
(57.3) 
2.032 
(294.7) 
12 2 0.68 0.02032 1.00 
0.450 
(65.3) 
0.455 
(66.0) 
2.818 
(408.7) 
13 3 0.68 0.02032 0.50 
0.103 
(14.9) 
0.024   
(3.5) 
0.936 
(135.8) 
14 3 0.68 0.02032 0.75 
0.117 
(16.9) 
0.033   
(4.8) 
1.416 
(205.4) 
15 3 0.68 0.02032 1.00 
0.135 
(19.5) 
0.687 
(99.6) 
1.896 
(275.0) 
16 4 0.68 0.02032 0.50 
0.101 
(14.7) 
0.282 
(40.9) 
0.638 
(92.5) 
17 4 0.68 0.02032 0.75 
0.101 
(14.7) 
0.488 
(70.8) 
1.089 
(158.0) 
18 4 0.68 0.02032 1.00 
0.101 
(14.7) 
0.592 
(85.9) 
1.453 
(210.7) 
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The minimum injection pressure required to achieve complete wetout for CR = 4.0 (Table 
4-3) is the same for the various fiber volume fractions under study; this is because of the high 
compression ratio or taper angle. Studying Figs. 4-24, 4-25 and 4-26 and Table 4-3, it is seen that 
the peak internal pressure in the tapered injection chamber increases as the resin viscosity 
increases. This is due to the increase in the viscosity of the resin, the compaction due to high 
viscous resin is even greater as the resin pushes the fiber reinforcements away from the wall and 
towards the centerline increasing the internal pressure in the injection chamber. 
In a tapered resin injection pultrusion chamber with compaction the minimum pressure 
required to achieve complete wetout depends on various factors as stated. For the same injection 
pressure in the non-compaction case, wetout of fibers occurs (reaches the centerline) upstream as 
compared to the case with compaction. Due to compaction, the fibers are compacted away from 
the wall thus opposing the flow of resin towards the centerline; this delays the axial location 
where the resin reaches the centerline. Thus a higher injection is required in this case as 
compared to the non-compaction case. Figures 4-27 and 4-28 show the isopressure contours for a 
given injection pressure for compaction and with non-compaction cases respectively. It is clearly 
evident that the resin reaches the centerline for the non-compaction case in Fig. 4-28 further 
upstream as compared to the compaction case in Fig. 4-27 for a compression ratio CR = 3.0, U = 
0.02032 m/s (48 in/min), Vfo = 0.68 and viscosity μ = 0.75 Pa.s. 
The effect of resin viscosity of fiber volume distribution in a tapered resin injection 
pultrusion process with compaction at different compression ratios of CR = 2.0, 3.0, and 4.0 is 
further investigated next. 
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Figure 4-27: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving with Compaction: (LT = 0.30 m, HD = 0.00318 m,                  
WD = 0.00635 m, CR = 3.0, U = 0.02032 m/s (48 in/min), Vfo = 0.68,  = 0.75 Pa.s, Pmax = 
3.45 MPa, Pinj = 0.117 MPa). 
 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
Axial Thickness, x/L
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
T
h
ic
k
n
es
s,
 y
/(
H
 /
2
)
-1.0
0.0
1.0
Flow  
Front 
D 
T Axial Distance, x/ T 
  
113 
 
 
 
 
 
 
Figure 4-28: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving with Non Compaction: (LT = 0.30 m, HD = 0.00318 m,           
WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 
3.45 MPa, Pinj = 0.117 MPa). 
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4.7 Effect of Resin Viscosity and Compaction on Fibers Distribution: 
 The minimum injection pressure required to achieve complete wetout at any given 
condition also depends on the resin viscosity. From Table 4-3 it is seen that the minimum 
injection pressure to achieve complete wetout increases with an increase in resin viscosity at any 
specific compression ratio, pull speed, and fiber volume fraction. The isopressure contours for a 
resin viscosity μ = 0.50 Pa.s and a compression ratio of CR = 2.0, nominal pull speed, normal 
fiber volume fraction and with compaction is presented in Fig. 4-29a. The distribution of the 
fiber volume fraction in the transverse direction (y-direction) due to compaction is depicted in 
Fig. 4-29b. Since the injection pressure of the resin injected into the chamber is at the minimum 
injection pressure for wetout, the resin penetrates through the compacted fiber reinforcement to 
the centerline while simultaneously resin is swept in the axial (x) direction due to the fiber 
velocity.  In this case, the resin reaches the centerline to achieve wetout near the exit of the 
Region I of the injection chamber (Fig. 4-29a).  
 Near the injection slot, the resin pressure pushes fibers in the transverse direction. The 
fiber volume fraction in the transverse (y) direction is essentially uniform upstream of the 
injection port location (x/LT = 0.175), then essentially the fiber volume fraction uniformly 
increases downstream as seen in Fig. 4-29b due to tapering. At x/LT = 0.358, which is in the 
injection slot of the tapered injection chamber, the transverse fiber volume fraction has a very 
low fiber region near the injection slot due to the injection pressure pushing fibers away 
(y/(HD/2) = ±0.75) from the wall; as a result of this, the fiber volume fraction changes at y/(HD/2) 
= ±0.35 in the transverse direction to compensate for the low fiber region near the wall at 
y/(HD/2) = ±0.75. 
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Figure 4-29a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,        
Vfo = 0.68,  = 0.50 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.173 MPa). 
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Figure 4-29b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving:             
(LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.50 Pa.s,               
U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.173 MPa). 
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 At x/LT = 0.725 of the injection chamber (Fig. 4-29b), this is in between the injection slot 
and Region II of the injection chamber, the transverse fiber volume fraction increases due to 
compaction but mostly due to tapering of the injection chamber. Further downstream in the 
straight portion (i.e. at x/LT = 0.908) the local fiber volume fraction reaches the maximum fiber 
volume fraction (Vf = Vfo = 0.68). The transverse fiber volume fraction profiles at different 
locations show the variation of fibers in the transverse direction due to the small fiber lean region 
just above the injection chamber wall in the vicinity of the injection port. These fiber lean 
regions are formed due to the injection pressure at which the resin is injected into the chamber. 
This injection pressure pushes the fibers towards the center of the chamber; thus resulting in 
fiber lean regions and fiber concentrated regions. 
 With an increase in the resin viscosity from μ = 0.50 Pa.s (Fig. 4-29a) (case 19 of Table 
4-3) to μ = 0.75 Pa.s (Fig. 4-30a) (case 20 of Table 4-3) the axial location at which the resin 
reaches the centerline is moved further upstream due to a significant increase in the minimum 
injection pressure (Pinj = 0.284 MPa) as in Fig. 4-30a. This phenomena is not followed for the 
resin viscosity of μ = 1.00 Pa.s (Fig. 4-31a) (case 21 of Table 4-3) and the point of wetout is 
moved further downstream (Pinj = 0.450 MPa) due to the higher compaction of fiber 
reinforcements and minimum injection pressure compared to both the two previous cases (cases 
19 and 20). The transverse fiber volume fraction profiles are similar to that in Fig. 4-29b (μ = 
0.50 Pa.s) and are shown in Fig. 4-30b (μ = 0.75 Pa.s) and Fig. 4-31b (μ = 1.00 Pa.s).  
 From Figures 4-29a, 4-30a and 4-31a it is observed that the point of wetout achievement 
(resin reaches centerline) of the fiber reinforcements initially moves upstream with an increase in 
resin viscosity or injection pressure. With further increase in the viscosity to μ = 1.00 Pa.s the 
wetout achievement is moved downstream, this is due to high compaction of fiber reinforcement 
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Figure 4-30a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.284 MPa). 
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Figure 4-30b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving:            
(LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 0.75 Pa.s,               
U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.284 MPa). 
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Figure 4-31a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0,        
Vfo = 0.68,  = 1.00 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.450 MPa). 
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Figure 4-31b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving:             
(LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 2.0, Vfo = 0.68,  = 1.00 Pa.s, U = 
0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.450 MPa). 
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(due to higher resin viscosity) and the resin is swept further downstream  before reaching the 
centerline. Thus the peak internal pressure in this section is independent of length of the resin 
compression region (length from where resin reaches centerline to the end of Region I).  
 At a high compression ratio like CR = 4.0, the minimum injection pressure required to 
achieve wetout (Table 4-3) is the same for the various resin viscosities under study. For CR = 
4.0, the peak internal pressure increases with viscosity, this is because the injected resin has low 
viscosity (μ = 0.50 Pa.s) and can penetrate through fibers easily in case-25, moderate viscosity (μ 
= 0.75 Pa.s) in case-26 and high viscosity (μ = 1.00 Pa.s) in case-27 of Table 4-3. Therefore, for a 
given compression ratio and minimum injection pressure, the peak internal pressure increases as 
the fibers are compacted due to the increasing resin viscosity. This is evident from the Figs. 4-32, 
4-33 and 4-34.  Therefore, the higher the resin viscosity is, the higher is the internal pressure and 
vice versa. Therefore the resin reaches the centerline almost at the same x-location even with 
increasing resin viscosity and with increasing peak internal pressure. 
 Having discussed the effect of resin viscosity on fiber compaction and complete wetout 
achievement in the tapered injection pultrusion manufacturing process, a detailed conclusion of 
this study is presented in Chapter 5. 
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Figure 4-32: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.68,  = 0.50 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure 4-33: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure 4-34: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 4.0,         
Vfo = 0.68,  = 1.00 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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CHAPTER 5 
CONCLUSIONS 
In this study, the resin flow through the fiber reinforcement in a tapered resin injection 
pultrusion chamber with compaction is simulated using the finite volume technique.  This study 
is basically focused on the compaction of the fiber reinforcement due to both compression ratio 
of the injection chamber and resin injection pressure in the pultrusion manufacturing process.  
The results are simulated for the glass fiber (rovings) /polyester resin system for a tapered resin 
injection chamber.  The resin flow through the injection chamber has been simulated using 
Darcy’s law for fluid flow through porous media.  The compaction phenomenon is modeled 
using a curve fit expression to the experimental data in Ref. [20].  The result obtained from the 
curve fit expression developed in this study is in close agreement with the Gutowski’s 
compaction model [14] as well as the actual experimental data [20]. 
The results presented in this study are useful to predict the impact of compaction 
phenomenon in the wetout achievement for effect different taper angles of the injection chamber. 
These results also provide guidance to determine the minimum injection pressures to achieve 
complete wetout for various processing parameters when compaction is taken into account in a 
tapered injection chamber. The major advantage of taking compaction of reinforcements into 
consideration is that, the simulated results are more realistic for any given processing parameter 
and geometric parameters to achieve better results. 
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The results from Section I (varying fiber pull speed and compression ratio) show that the 
wetout achievement becomes more difficult as the pull speed increases. Thus, lower fiber pull 
speed requires a lower injection pressure to achieve complete wetout. At higher pull speed the 
fibers are drawn through the exit at higher velocity and the resin is swept downstream without 
achieving complete wetout. Therefore, a higher injection pressure is required to achieve 
complete wetout before the resin exits the Region I of the injection chamber. As the pull speed 
increases the peak internal pressure also increases with increase in the minimum injection 
pressure.  However, at higher compression ratios like CR = 4.0, the minimum pressure required 
to achieve wetout is nearly as low as atmospheric pressure, but the peak internal pressure 
increases with an increase in pull speed. Thus, moderate pull speed is desired to obtain a good 
quality pultruded composite. 
Analyzing the results from Section II (varying fiber volume fraction and compression 
ratio) it was found that the wetout achievement is comparatively difficult at high fiber volume 
fractions. This seemed quite obvious, as it is evident that greater fiber volume will diminish resin 
penetration; thus a higher minimum injection pressure becomes necessary to achieve complete 
wetout at any compression ratio. At higher fiber volume fractions, higher injection pressure is 
required to achieve complete wetout as the compaction is higher since the resin tends to push the 
dense fiber reinforcement away from the chamber wall and then penetrate through it. It is also 
observed that for lower fiber volume fractions, the complete wetout was achieved at lower 
injection pressure as the resin would more easily penetrate through the fibers. Therefore, for a 
given compression ratio and increasing fiber volume fraction, the compaction of more fibers 
yields higher internal pressure as the resin is being compressed over the same injection chamber 
dimensions. However, at higher compression ratios like CR = 4.0, the minimum pressure 
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required to achieve wetout is almost as low as atmospheric pressure but the peak internal 
pressure increases with an increase in fiber volume fraction. Low fiber volume fractions might 
result in a mechanically weak composite and high fiber volume fractions require high injection 
pressures to achieve wetout. Thus, moderate fiber volume fractions are desired to obtain a good 
quality pultruded composite. 
The results from Section III (varying viscosity and compression ratio) shows that the 
wetout achievement becomes more difficult as the resin viscosity increases. Viscosity is a 
measure of the resistance to flow; therefore, a viscous fluid offers more resistance to as flow 
compared to a less viscous fluid. Thus lower viscosity resin requires a lower injection pressure to 
achieve complete wetout. It is also realized that the degree of fiber compaction is higher for 
higher viscosity resins. Therefore, the resin viscosity should range such that it is not too viscous 
to resist flow and cause compaction to such an extent that very high pressure is required for 
wetout and also, should not have a very low viscosity which effects the quality of the extruded 
product. However, at higher compression ratios like CR = 4.0, the minimum pressure required to 
achieve wetout nearly is as low as atmospheric pressure but the peak internal pressure increases 
with an increase in resin viscosity. Low viscous resins might result in a mechanically weak 
pultruded composite and highly viscous resins require high injection pressures to achieve wetout. 
Thus, moderate resin viscosity is desired to obtain a good quality pultruded composite. 
This study basically focused on the processing parameters and different taper angles of 
injection chamber; the effect of geometric parameters on the compaction and wetout process is 
yet to be studied. Nevertheless, since no researches have been done on the compaction 
phenomenon in tapered resin injection chamber the results presented here are hoped to provide a 
science based understanding of the resin injection pultrusion manufacturing. 
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Derivation of Equation 3-42a 
The experimental data in Ref. [20] is plotted on a semi-log graph (logarithmic x-axis) and was 
assumed to be approximately linear/ straight line (Fig. A-1).   
 
 
 
 
 
 
 
Fig. A-1 Approximate Semi-Log Plot of Pressure vs Fiber Volume Fraction. 
The equation of a straight line can be represented as y = mx +b, where m is the slope of the line 
and b is the y-intercept which can be computed form the graph (see Fig. A-1) as, 
Here, ,
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Therefore, the equation of the line can be written as in Eq. (3-42a) 
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Figure B-1a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.01524 m/s (36 in/min), Pmax = 3.45 MPa, Pinj = 0.106 MPa). 
 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
Axial Thickness, x/L
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
-1.0
0.0
1.0
D Flow  
Front 
Axial Distance, x/LT 
139 
 
 
 
 
 
 
Figure B-1b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.01524 m/s (36 
in/min), Pmax = 3.45 MPa, Pinj = 0.106 MPa). 
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Figure B-2a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,           
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.129 MPa). 
 
 
 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
Axial Thickness, x/L
-3.0
-2.0
-1.0
0.0
1.0
2.0
3.0
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
-1.0
0.0
1.0
D Flow  
Front 
Axial Distance, x/LT 
141 
 
 
 
 
 
 
Figure B-2b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 
0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 
m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.129 MPa). 
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Figure B-3a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, Vfo = 0.68,      
 = 0.75 Pa.s, CR = 3.0, U = 0.0254 m/s (60 in/min), Pmax = 3.45 MPa, Pinj = 0.132 MPa). 
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Figure B-3b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.0254 m/s (60 
in/min), Pmax = 3.45 MPa, Pinj = 0.132 MPa). 
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Figure B-4: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,         
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.01524 m/s (36 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-5: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-6: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,      
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.0254 m/s (60 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-7a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.62,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.106 MPa). 
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Figure B-7b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.62,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.106 MPa). 
 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
V
x/L  = 0.175
x/L  = 0.358
x/L  =0.725
x/L  =0.908
f
y/(HD/2)
T
T
T
T
149 
 
 
 
 
 
Figure B-8a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.117 MPa). 
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Figure B-8b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.117 MPa). 
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Figure B-9a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.72,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.131 MPa). 
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Figure B-9b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.72,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.131 MPa). 
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Figure B-10: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.62,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-11: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-12: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.72,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-13a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.68,  = 0.50 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.103 MPa). 
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Figure B-13b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.50 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.103 MPa). 
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Figure B-14a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.117 MPa). 
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Figure B-14b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.117 MPa). 
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Figure B-15a: Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving: (LT = 0.30 m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0,         
Vfo = 0.68,  = 1.00 Pa.s, U = 0.02032 m/s (48 in/min), Pmax = 3.45 MPa, Pinj = 0.135 MPa). 
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Figure B-15b: Variation of Fiber Volume Fraction in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/Glass Roving: (LT = 0.30 
m, HD = 0.00318 m, WD = 0.00635 m, CR = 3.0, Vfo = 0.68,  = 1.00 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.135 MPa). 
 
 
 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
V
x/L  = 0.175
x/L  = 0.358
x/L  =0.725
x/L  =0.908
f
y/(HD/2)
T
T
T
T
162 
 
 
 
 
 
Figure B-16: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.50 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-17: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 0.75 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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Figure B-18: Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving: (LT = 0.30 m,           
HD = 0.00318 m, WD = 0.00635 m, CR = 4.0, Vfo = 0.68,  = 1.00 Pa.s, U = 0.02032 m/s (48 
in/min), Pmax = 3.45 MPa, Pinj = 0.101 MPa). 
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